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Synopsis 

Breast cancer is the second leading cause of cancer-related death in women worldwide and 

most of these deaths are due to metastatic breast cancer. Metastatic breast cancer is not easily 

treatable since it is invasive, and spreads to several organs. Targeted therapy is available for 

some breast cancer subtypes, based on their receptor expression and tumour stage. However, 

triple-negative breast cancer (TNBC), which lacks estrogen, Her2, and progesterone receptors, 

is aggressive and does not respond to hormone therapy. Surgery and chemotherapy are still the 

standard treatments for TNBC, however, they are effective only in the early stages. Therefore, 

one of the ways to effectively combat cancer is to understand the underlying signalling 

pathways that drive them so that they can be targeted for therapy. Although there is a myriad 

of interconnected signalling pathways that get activated in the spread of cancer, we have 

focused mainly on the BMP, WNT, and RHOA signalling pathways.  
 Four model breast cancer cell lines ZR75.1 (ER+ PR+ HER2+), MCF7 (ER+ PR+ 

HER2-), SKBR3 (ER- PR- Her2+), and MDA-MB -231 (ER - PR - HER2-) were used in this 

study. As per the cell surface marker expression, ZR75.1, MCF7 and SKBR3 are CD24+ and 

EpCAM+, while MDA-MB-231 is CD44+. The three-dimensional spheroid growth represents 

that ZR75.1, MCF7, and MDA-MB-231 form dense, compact spheroids, whereas SKBR3 

failed to form spheroids. Also, the migration analysis revealed that ZR75.1 and SKBR3 are 

majorly non-migratory, which may be responsible for tumour growth confined to a specific 

area, whereas MCF7 migrated at a rate of 2-3 µm/h and MDA-MB -231 had a migration speed 

of 6-8 µm/h, which correlates with their metastatic potential. The differential expression of 

BMP4, RHOA and β-catenin in these cell lines were analysed and accordingly, SKBR3, MCF7 

and MDA-MB-231 were used for studying the BMP signalling and RHOA and Wnt signalling 

were analysed in detail in MCF7 and MDA-MB-231 cells. 

 Bone morphogenetic proteins, often known as BMPs, are proteins that control the fate 

of developing cells and also play a role in the progression of cancer. In this study, we explored 

the role of BMP4 in the proliferation of breast cancer cells, as well as its function in anoikis 

resistance, metastatic migration, and therapy resistance. In order to gain an understanding of 

the functional effect that BMP4 has on breast cancer, we used breast cancer cell lines as well 

as clinical samples that represent different subtypes. The involvement of the BMP pathway in 

breast cancer cells was further studied by utilizing the small molecule inhibitor LDN193189 

hydrochloride (LDN), a BMP receptor inhibitor. Activation of BMP signalling through 

exogenous addition of BMP4 led to an increase in the expression of stem cell genes CD44 and 

TH-3254_156106045



 

xvi 

 

ALDH1A3, as well as the anti-apoptotic gene BCL2, and boosted anoikis resistance in MDA-

MB-231 cells. Additionally, LDN treatment downregulated anoikis resistance and the 

proliferation of anoikis-resistant breast cancer cells in an osteogenic milieu. BMP4 upregulated 

Notch signalling, which resulted in increased chemoresistance and accelerated self-renewal of 

MDA-MB-231. Conversely, BMP4 decreased anoikis resistance in MCF7 and SKBR3 cells, 

and downregulated proliferation, and colony-forming abilities, while LDN treatment enhanced 

the formation of tumour spheroids and growth. These findings suggest that BMP4 plays a 

context-dependent role in breast cancer cells. Furthermore, our findings with MDA-MB-231 

cells, which represent triple-negative breast cancer, implying that BMP pathway inhibition may 

hinder the tumour's ability to colonise new sites and expand metastatically. 

 To better understand the signalling pathway that regulates the metastatic migration of 

breast cancer cells, the well-known RHO-ROCK signalling pathway associated with actin 

organisation was investigated. Breast cancer cells were treated with Y27632, a putative 

inhibitor of Rho-associated protein kinase (ROCK). Inhibition of ROCK significantly reduced 

3D spheroid formation in MCF7 and SKBR3 cells but not in MDA-MB -231 cells. In MDA-

MB -231, however, there was a decrease in the CD44+/24- population, suggesting that ROCK 

is primarily responsible for cell proliferation. Both MDA-MB -231 and MCF7 breast cancer 

cells showed enhanced 2D (wound healing assay) and 3D migration (spheroid migration assay) 

when ROCK was inhibited. Additionally, the inhibition of ROCK resulted in a significant 

increase in the clonogenic potential of MCF7, while it had no impact on the proliferation of 

MDA-MB-231 cells. Thus, this part of the study suggests that an active RHOA pathway is 

required for proliferation, while downregulation of ROCK is required to promote metastasis 

and survival during breast cancer development.  

 Furthermore, both RHOA and β-catenin were silenced in order to obtain a 

comprehensive view of the effects of Wnt signalling on the progression of breast cancer. 

Multiple functional assays and gene expression analyses confirmed that silencing RHOA and 

β-catenin in MCF7 significantly reduced proliferation, self-renewal, migration, anoikis 

resistance, and shear stress tolerance. In contrast, self-renewal was inhibited in MDA-MB-231 

by suppressing RHOA and β-catenin, but 3D growth and migration remained unaffected.  

Nevertheless, the most intriguing observation is that a higher expression of ERK under stress 

conditions provides a new perspective on where further research should be conducted by 

considering the ERK signalling in context. Doxorubicin treatment increased the ability of 

MDA-MB-231-shRHOA cells to form spheroids. The RHOA-silenced MDA-MB-231 cells 
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displayed greater tolerance to shear stress, as evidenced by a greater number of colonies, 

whereas β-catenin silencing significantly reduced the shear stress tolerance of MDA-MB -231. 

 The immunoblotting analysis further revealed that suppressing RHOA in MDA-MB-

231 can upregulate β-catenin expression, indicating an increase in canonical WNT signalling. 

β-Catenin silencing in MDA-MB-231 decreased pERK1/2, but RHO silencing did not affect 

pERK1/2 levels. This finding suggests the existence of a cross-talk between the canonical and 

non-canonical pathways of WNT signalling in TNBCs, in which inhibition of one pathway 

leads to an increase in the activity of the other. The increased expression of pERK1/2 during 

shear stress and spheroid formation suggests that ERK signalling becomes hyper-activated 

when cells are subjected to stress. Gene expression analysis was performed to determine the 

interaction between BMP, RHOA, and WNT signalling. Concerning cross-talk, there appears 

to be a compensatory relationship between RHOA and β-catenin in a stage-specific manner in 

both cell lines. It has been observed that the Wnt/β-catenin signalling pathway modulates the 

BMP4 pathway, and BMP4 regulates RHOA signalling via some unknown transcription 

factors. Thus, there is a possibility that inhibiting Wnt signalling could serve as a potential 

treatment option for breast cancer. More research is needed to establish a comprehensive link 

between these three pathways and locate a central point at which the entire signalling cascade 

can be inhibited to control the progression of cancer. 
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Chapter 1  Scientific Background  

1 
 

Scientific Background 

1.1 Cancer 

Cancer is a disease characterised by the uncontrollable multiplication and dissemination of 

body cells (Boyce et al., 1999). Mutations in the genetic material significantly contribute 

to the transformation of normal cells into malignant cells (Figure 1.1) (Patel et al., 2017). 

If chemical substances such as heterocyclic amines (Wogan et al., 2004) and metal 

substances such as arsenic or cadmium (Z. Wang & Yang, 2019) cause cancer, then the 

substance is called a carcinogen and the process is called carcinogenesis. When cancer cells 

multiply and overgrow, a collection of abnormal tissue called a tumour is formed. Tumours 

that do not spread beyond their site of origin are called benign, while malignant tumours 

infiltrate surrounding organs (R. L. Siegel & Miller, 2021).  

 

Figure 1.1:  Represents the development of normal and cancerous cells (Eldridge, 2022). 

1.1.1 Cancer types and their prevalence  

The number of known cancer subtypes has risen to a hundred. The first method of 

classification is based on the cell type most adversely affected. The first group based on 

cell type affected by cancer is carcinoma, in which epithelial cells are altered to cause 

cancer predominately. Carcinoma is further divided into three subcategories, including 

Adenocarcinoma, which affects epithelial cells that produce secretions or fluids Squamous 

carcinoma, which affects epithelial cells that line the outside and inside of organs like the 

skin, stomach, lung, kidney, and bladder, and transitional carcinoma, which affects 
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epithelial cells that are a group of large and small cells that line the bladder, uterus, and 

kidney (renal pelvis) (Chhikara & Parang, 2023). Sarcoma is an additional kind of cancer 

that primarily affects bone, fibrous tissue (ligaments and tendons), and soft tissue (blood 

vessels, muscle) (Whooley et al., 2000). The third type of cancer is leukaemia, which 

affects blood cells. This type of cancer is characterised by a high number of abnormal blood 

cells that interfere with the function of healthy blood cells (Leukemia, 1958). Lymphoma, 

a type of cancer, develops when lymphocytes like B-cells and T-cells become cancerous, 

while multiple myeloma develops when plasma cells are affected (Cheson, 2004). 

Melanoma, on the other hand, affects cells that secrete melanin and pigment, and so can 

manifest as cancer of the skin or the eyes (Wang et al., 2023). For example, breast, lung, 

prostate, colon/rectal, melanoma (skin), bladder, non-Hodgkin's lymphoma, kidney (renal 

cell/renal pelvis), endometrial, ovarian, pancreatic, thyroid, biliary duct, and hepatic 

malignancies are classified based on their primary organ of manifestation. 

According to the latest data, there are around 19,58,310 new cases of cancer and 6,09,820 

deaths from cancer in the United States. In comparison, India has a reported incidence rate 

of 14,61,427 or an annual rate of 100.4 per 100,000 people. Research shows that prostate, 

lung, and breast cancer are the most common cancers among all other cancers (Mohamed 

et al., 2022). It was estimated that 1 in 13 men will be diagnosed with lung cancer at some 

point in their lives, while rates of colorectal cancer were 5.1 per 100,000 women and 7.2 

per 100,000 men. Pancreatic cancer is the deadliest and most awful form of the disease, 

and it is often detected in older age groups (65-69) and at a later stage of the disease 

(Chhikara & Parang, 2023). According to most recent cancer statistics, prostate cancer in 

men and breast cancer in women lead the list of all cancers (Rebecca et al.,2023). A woman 

is diagnosed with breast cancer every four minutes, and a woman dies from the disease 

every thirteen minutes. It has surpassed lung cancer as the leading cause of global cancer 

incidence, accounting for 11.7% of all cancer cases with an estimated 2.3 million additional 

cases in 2020 (Mehrotra & Yadav, 2022). Two million individuals worldwide will be 

affected by breast cancer by 2030, according to epidemiological studies. 13.5% (178361) 

of all cancer cases and 10.6% (90408) of all fatalities in India can be attributed to breast 

cancer, which has a comorbidity rate of 2.81 (H. Sung et al., 2021). The new cases of cancer 

in the all-female population are depicted in Figure 1.2. 
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Figure 1.2: Diagram depicting the estimated global number of new cases of female cancer across all age 

groups (Rebecca L Siegel et al., 2023) 

1.1.2 Development and progression of cancer 

There are three main stages in the development of cancer: initiation, promotion, and 

progression (Vincent & Gatenby, 2008). Cancer begins with initiators that cause 

irreversible alterations in the genetic composition of normal cells. This process is known 

as "initiation." Initiators include not only genetic predisposition or a family history of 

genetic abnormalities, but also lifestyle choices, pesticide and virus exposures, radiation 

exposure, and excessive chemotherapy doses, among others (Trichopoulos et al., 1996). 

Once the initiators have completed their mandate, specialised or general promoters promote 

the proliferation; this action is known as "Promotion." Promoters cannot cause cancer 

unless they are exposed to a cancer-causing agent or carcinogen. Numerous promoters, 

including Catalytic Subunit Telomerase Reverse Transcriptase (TERT), Adenomatous 

Polyposis Coli (APC), Cyclin-dependent kinase inhibitor 2A (p16INK4), Human Mutl 

Homolog 1 (hMLH1), GATA Binding Protein 4 (GATA4), histone modification, DNA 

hypo- and hyper-methylation, and epigenetic modification, can function as promoters. 

(Derks et al., 2006; Heidenreich et al., 2014; Luczak et al., 2006). Promoters typically 

attach to receptors, which can be selective or non-specific, and increase cell proliferation 

instead of forming covalent bonds with molecules or DNA to affect internal processes. The 

next stage is Progression, in which cancer cells continue to develop after being exposed to 

promoter’s multiple times. Several stages of development contribute to the progression; the 

first stage, hyperplasia, occurs when cells divide repeatedly but manifest normally; the 

second stage, dysplasia, occurs when both the cells and tissue created by these cells appear 
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aberrant. The third position is Carcinoma in situ refers to the growth of malignant cells at 

the site of origin. The fourth phase is in which cells depart their initial location, enter blood 

arteries or lymph vessels through intravasation, and travel to distant sites via circulation. 

This fourth stage of cancer allows abnormal cells to exit the artery and colonise a new 

location (X. Liu et al., 2017; Thiberville et al., 1995; J. Zhou et al., 2003). The chronology 

of metastatic cancer is displayed in Figure 1.3. 

 

Figure 1.3: Development and progression of cancer. The diagram illustrates the development of malignant 

cells at the primary site and their subsequent acquisition of mesenchymal characteristics after detachment. 

When malignant cells detach from their primary site and infiltrate a blood vessel, intravasation occurs. After 

overcoming fluid pressure and immune response, cancer stem cells extravasate from the blood vessel to 

colonise a new site. The new site could be the lung, the bone, the brain, or the liver (Fu et al., 2022). 

1.1.3 Significance of signalling pathways in cancer 

The involvement of signalling pathways in cancer initiation and progression is crucial. 

Mutations in the master regulators of cell division and proliferation are responsible for the 

unchecked development and division of cancer cells. The signalling pathways that promote 

cell growth, survival, and migration are commonly activated by these alterations. The 

following examples highlight the significance of the signalling pathway in the emergence 

of cancer. The RAS-RAF-MEK-ERK signalling pathway is well-known for its role in 

cancer progression (Devetzi et al., 2016). Many different forms of cancer are associated 

with activating mutations in the RAS genes. The PI3K-AKT-mTOR pathway is another 

crucial signalling mechanism in the development and spread of cancer (Coutte et al., 2012). 
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This route promotes cell survival and development by suppressing programmed cell death 

(apoptosis) and fostering cell cycle advancement, and it is frequently active in cancer. It 

has long been understood that the Hedgehog and Wnt signalling pathways control the 

patterning and growth of embryos, but recently many studies have linked these pathways 

to the development of cancer (Anastas & Moon, 2013; Taipale & Beachy, 2001). Induced 

hepatocyte growth factor Met tyrosine kinase (HGF-Met) can also play a role in the 

progression of malignancy, which is typically governed by paracrine agonists supply 

(Cecchi et al., 2010). It is also known that the signalling system linked to vitamin D 

deficiency also causes cancer by promoting proliferation and suppressing apoptosis (Deeb 

et al., 2007). Numerous other cancers, including those of the colon, brain, lung, ovary, and 

prostate, are also caused by Notch signalling dysfunction (Venkatesh et al., 2018). The 

mevalonate route, which is often used to synthesise steroids, may interact with the 

aforementioned pathway and contribute to the development of cancer (Mullen et al., 2016). 

Not only do individual pathways contribute to carcinogenesis, but also their interactions. 

Crosstalk between Wnt/β-catenin and E-cadherin promotes cancer progression by 

enhancing epithelial-mesenchymal transition (EMT) (Ghahhari & Babashah, 2015). In 

conjunction with an inflammatory response, NF-kB signalling can also induce prostate 

cancer (Nguyen et al., 2014). VEGF signalling in conjunction with Akt/mTOR can also 

exacerbate ovarian cancer (Trinh et al., 2009). Disrupted Hippo signalling promotes cancer 

development, both independently and in concert with Wnt (Li et al., 2019) and long non-

coding RNA (LncRNA) (Tu et al., 2020). In colorectal cancer, an epithelial-mesenchymal 

transition is induced by cross-talk between Notch and BMP signalling, and this synergistic 

interaction contributes to the disease's poor prognosis (Irshad et al., 2017). Several other 

cross-talks, including those between TGF-β and Integrin, which aids in wound healing 

(Margadant & Sonnenberg, 2010), PI3K/AKT/mTOR and miRNA, which contribute to 

cancer (Akbarzadeh et al., 2021), Integrin and E-cadherin, which increase metastasis and 

invasion (Canel et al., 2013), Ras-Rho, which promotes migration and self-renewal (Sahai 

et al., 2001), and PI3K/AKT with Circular RNAs (circRNAs), which contribute to cancer 

progression (Xue et al., 2021). The preceding examples illustrate the significance of 

understanding cancer signalling pathways and identifying therapeutic targets to treat the 

disease. 

Given the substantial prevalence rate and the current constraints on therapeutic approaches 

to curing breast cancer, we must investigate signalling mechanisms as early as feasible in 
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the disease's progression. My research is primarily concerned with the development and 

spread of breast cancer. Cancer progression and normal development are strikingly 

comparable at the molecular level. Normal human growth is carefully regulated by intricate 

signalling pathways that allow cells to communicate with each other and their environment. 

It should not be shocking that Cancer Stem Cells (CSCs) and cancer cells have altered or 

hijacked several of these interconnected signalling pathways (Barbieri & Kouzarides, 

2020). Cancer is essentially caused by genetic and epigenetic changes that allow cells to 

evade the mechanisms that normally control their migration, survival, and proliferation. 

Many of these changes are related to signalling systems that regulate cell motility, 

differentiation, proliferation, and death. Due to mutations that activate proto-oncogenes, 

certain signalling pathways may become overly active. However, when tumour suppressors 

are inactivated, the same signalling pathways become significantly less active (Feng et al., 

2018). Breast cancer is known to be influenced by several well-known signalling pathways, 

including Notch, Hedgehog, ER, Her2, TGF-β, PI3K/mTOR, BMP, Rho-ROCK, Wnt and 

so on (Ghosh et al., 2019).  The propensity of breast cancer cells to spread into the bone 

environment is facilitated by a gene associated with bone. Since BMP is the primary signal 

that regulates the bone microenvironment, studying BMP signalling in breast cancer could 

shed light on cancer's function in the bone microenvironment both before and after cancer 

cells have entered the bone. Subsequently, Wnt is believed to play a role in virtually every 

developmental stage and also plays a significant role in the bone microenvironment, 

investigating this pathway may provide a fantastic opportunity to combat cancer. For a 

comprehensive comprehension of cancer, the Rho-ROCK signalling pathway was further 

explored, as it is the most important signalling pathway for understanding the complete 

migration process. Therefore, we focused on understanding how BMP, Rho-ROCK, and 

Wnt signals contribute to the development of breast cancer. 

1.2 Breast cancer 

Breast cancer is defined as cancer that has grown in the breast tissue (Yerushalmi et al., 

2009). The breast is a glandular organ consisting of fat, connective tissue and breast tissue 

that can make glands for milk synthesis (Jesinger, 2014). When breast tissue cells mutate, 

they can become malignant and spread to other organs, much like any other type of cancer. 

Although breast cancer is more common in women, men have also been diagnosed with 

the disease (Sharma et al., 2010). While most cases of breast cancer are diagnosed in 

women over the age of 50, the disease can affect people of any age.  Breast cancer can 
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begin in either the milk ducts or the lobules, and when it becomes aggressive, it is classified 

as either ductal invasive or lobular invasive  (Figure 1.4) (Burstein et al., 2004; Foote Jr & 

Stewart, 1941). Angiosarcoma is cancer that begins in a blood artery or lymph vessel of the 

breast (Vorburger et al., 2005); phyllodes tumour is cancer that begins in the connective 

tissue of the breast and may or may not spread to other parts of the body (Tse et al., 2010).  

 

Figure 1.4: The illustration depicts a ductal and lobular carcinoma.(Burstein et al., 2004; Foote Jr & 

Stewart, 1941) 

1.2.1 Breast cancer classification 

Breast cancer can be categorized in several ways. Based on histopathology; lobular 

carcinoma, (begins in the milk-producing lobe) and ductal carcinoma (begins in the milk 

duct) (Malhotra et al., 2010).  Invasive and ductal carcinoma may also be inflammatory and 

invasive (Costa et al., 2018). The other way of classification is based on the molecular 

signatures; luminales (luminal A and B), Her2 (luminal and enriched) and triple-negative 

(basal-like and non-basal-like) (Figure 1.5). Luminal A and B of the luminales group are 

ER+, PR+, and Her2-, whereas the luminal and enriched group of Her2 categories are ER+, 

PR+, Her2+, and ER-, PR-, Her2+, respectively. Triple-negative tumours are ER-, PR-, and 

Her2- negative; however, their cytokeratin (CK) expression is different (Trop et al., 2014). 

Her2+ cells are cytokeratin negative, whereas luminal A and B are positive. Basal-like cells 

are CK5/6/8/14/18 positive. Ki67 expression distinguishes between luminal A and B; the 

former has less than 14% and the latter has more than 14%. Her2+ and basal-like cells 

exhibit Ki67-like luminal B cells (Sinn & Kreipe, 2013). While luminales fall under I and 

II-grade malignancy, Her2+ and triple-negative breast cancers are often III-grade cancers.  
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Some other types of breast cancer are inflammatory (inflammation in the breast tissue) 

(Jaiyesimi et al., 1992), Paget's disease (eczema in the nipple and areola area) (Ashikari et 

al.,1970), mucinous (secretion of mucin in the breast tissue) (Marrazzo et al., 2020), and 

medullary (cancer in the inner lining of the breast) (Malyuchik & Kiyamova, 2008) and 

account for 2-3% of all breast cancers. 

 

Figure 1.5: Breast cancer classification: Illustrations of subtypes of breast cancer based on molecular 

characteristics, prognosis, and treatment options for each subtype of the disease. (Boix-Montesinos et al., 

2021) 

1.2.2 Factors contributing to breast cancer 

The leading cause of breast cancer is genetic and epigenetic alterations (D. B. Thomas, 

1984). The most well-known examples are Breast Cancer Gene 1 (BRCA1) and Breast 

Cancer Gene 2 (BRCA2). A female harbouring this is 85 % more likely to develop breast 

cancer. In addition to ataxia telangiectasia heterozygotes, oestrogen-receptor 

polymorphisms and p53 are also cancer-causing genetic factors (Hulka & Stark, 1995). 

Some hormones generated by the adrenal cortex, such as androstenedione, are metabolised 

in the adipose cells of obese women to produce oestrogen is also responsible for cancer 

(Colditz, 1998). Omega-6 polyunsaturated fatty acids and heterocyclic amines in food 

increase the risk of developing cancer (Makarem et al., 2013). Lifestyle factors such as lack 

of exercise, excessive alcohol consumption, and tobacco use are also risk factors (Hashemi 

et al., 2014). Cancer is also caused by exposure to chlorinated pesticides, electromagnetic 

radiation, and ionising radiation. Preservatives, deodorants, and antiperspirants used on the 
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underarms contain some compounds that have been related to an elevated risk of breast 

cancer (Darbre, 2001). 

1.2.3 Early signs and diagnoses of breast cancer 

At first, patients with breast cancer may only encounter a few of the disease's common 

symptoms and indications. The presence of these symptoms is not usually indicative of 

breast cancer. The major indicators and symptoms of breast cancer can vary from individual 

to individual. Breast or armpit enlargement or lump in the breast, physiological changes 

and redness, breast flesh with dimples or puckers, inversion (turning in) or a discharge from 

the nipples (Parthasarathy & Rathnam, 2012), experiencing discomfort, and skin 

abnormalities, such as scaling or peeling, are some of the symptoms of breast cancer 

(Sambanje & Mafuvadze, 2012) (Figure 1.6). Self-examination of the breast is crucial for 

preventing life-threatening malignancy (S. A. Rahman et al., 2019). To find any anomalies 

or changes in the breast tissue, a biopsy is frequently used in conjunction with imaging 

studies to diagnose breast cancer.  

 

Figure 1.6: The image highlights several early breast cancer symptoms (Sumbaly et al., 2014). 

 

A biopsy is carried out to remove a sample of tissue for additional investigation if a 

questionable area is discovered. A surgical biopsy removes the entire alarming area along 

with some nearby tissue, whereas a needle biopsy only takes a sample of the problematic 

tissue. The abnormal growth of malignant cells in the breast was imaged via 

mammography, which involved the use of X-ray technology (Sickles, 1984).  
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The lump in the breast was located using a technique known as ultrasonography or 

ultrasound, which involved the use of sound waves (Lulu  Wang, 2017). Positron emission 

tomography (PET) is a method of diagnosis in which patients were given an injection of a 

particular kind of dye, and then images were acquired using a scanner. Positron emission 

tomography is an acronym for "some special kind of dye" (Flanagan et al., 1998; Mintun 

et al., 1988) MRI, or magnetic resonance imaging, serves as another technique that can be 

performed (Roganovic et al., 2015). With this procedure, magnetic fields and radio waves 

are combined to obtain an enhanced and clear picture of each region of the breast (Hylton, 

2005).  

1.2.4 Breast cancer staging and grades 

The term "stage" refers to how far cancer has spread and how advanced it is. The 

abnormalities of cancer cells can be assessed by viewing them under a microscope. Staging 

breast cancer can be done in several ways. As a method of object classification, the TNM 

system has become very important in recent years (Benson, 2003). The TNM staging 

system is an abbreviation for tumour, node, and metastasis, where T stands for the size of 

the tumour, N for the malignancy in the lymph nodes, and M for the spread of cancer 

beyond the lymph nodes (Cserni et al., 2018) (J. Koh & Kim, 2019). Depending on the size 

and location of the tumour, breast cancer can be classified into one of five stages. The 

proliferation of cancer cells begins in stage 0 within a certain area. In stage 1, the tumour 

is up to 2 cm in size and stage 2 the size increase from 2-5 cm in size but has not yet affected 

surrounding tissue; in stage 3, it is up to 5 cm in size and has begun to damage nearby 

lymph nodes; and in stage 4, it has already spread to other parts of the body. Depending on 

which organs the cancer has metastasised to, patients may experience a variety of 

symptoms (Lobbezoo et al., 2015). While any organ may be affected, the brain, liver, bone, 

and lung are most vulnerable to metastasis from breast cancer. In contrast, microscopic 

analysis of the grades revealed subtle differences between healthy and malignant cells. 

There are four standard scaling categories. In oncology, Grade 1 is used to classify cancer 

cells and tissue that closely resemble healthy cells and tissue. Well-differentiated tumours 

within this grade are called low grade. In Grade 2, cancer cells and tissue show noticeable 

abnormalities and are classified as moderately differentiated, making them intermediate-

grade tumours. In Grade 3, cancer cells lose their structural organization and pattern, 

becoming poorly differentiated and highly abnormal. This tumour is occasionally called a 

high-grade tumour. Grade 4 represents the highest level of tumour malignancy, marked by 
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fast growth and spread to other parts of the body. The cells observed are cancer cells that 

are undifferentiated and have different physical features compared to healthy cells. In 

contrast, microscopic analysis of the grades revealed subtle differences between healthy 

and malignant cells. There are four standard scaling categories. In oncology, Grade 1 is 

used to classify cancer cells and tissue that closely resemble healthy cells and tissue. Well-

differentiated tumours within this grade are called low grade. In Grade 2, cancer cells and 

tissue show noticeable abnormalities and are classified as moderately differentiated, 

making them intermediate-grade tumours. In Grade 3, cancer cells lose their structural 

organisation and pattern, becoming poorly differentiated and highly abnormal. This tumour 

is occasionally called a high-grade tumour. Grade 4 represents the highest level of tumour 

malignancy, marked by fast growth and spread to other parts of the body. The cells 

observed are undifferentiated cancer cells and have different physical features compared to 

healthy cells. (Telloni, 2017). 

1.2.5 Breast cancer metastasis to bone 

The organ-specific translocation property of cancer cells from the site of origin to the 

distant site lies in the cancer cell itself and can be referred to as a preselected seed (Lu & 

Kang, 2007). The niche or environment present around the site of origin or within the 

cancer cells is also responsible for metastasis to a distant site and may be referred to as the 

pre-metastatic niche (Chu & Allan, 2012). The first step in the spread of metastases is an 

EMT of localized cancer cells. EMT gives cancer cells a shape that allows them to enter 

the lumen of blood vessels (Buyuk et al., 2022).  

Cells moving through blood vessels must cope with stresses such as shear forces, the 

immune system, and matrix detachment before reaching their destination. To get around 

this, cancer cells attach to platelets and form emboli. Only a few cancer cells can invade 

the blood vessels of an organ and develop (Caswell-Jin et al., 2018). When a tumour grows 

large enough, it exerts pressure on blood vessels, causing them to rupture and that is how 

cancer spreads (Gunasinghe et al., 2012). By reversing the EMT, the cancer cells combine 

with the stromal cells and begin to colonize. Soon after, the malignant cells secrete 

parathyroid hormone, which activates osteoclasts. Breast cancer cells contain bone-related 

genes (BRGs) such as Forkhead Box Protein F2 (FOXF2) that help them mimic osteocytes 

when they metastasize and colonize in bone (Wang et al.,2019). Osteoclastic cells 

demineralize bone through an osteolytic activity that releases various substances, including 
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calcium, Fibroblast Growth Factors (FGFs), Insulin Growth Factors (IGFs), Bone 

Morphogenetic Proteins (BMPs), and Transforming Growth Factor-β (TGF-β). These 

secreted substances promote the proliferation of breast cancer cells, which leads to the 

release of more parathyroid hormone, a kind of positive feedback for osteolytic activity (Lu 

& Kang, 2007) shown in Figure 1.7. Some signalling pathways, such as Wnt, BMP, and 

IGF, were found to be present in both the bone microenvironment and mammary cells and 

to facilitate bone metastasis. CapG, a macrophage-covering protein discovered using 

genomics and proteomics, is a biomarker that can predict the extent of bone metastasis 

based on its presence in breast cancer cells (Boyce et al., 1999).  

 

Figure 1.7: Breast cancer metastasis to bone. After acquiring the EMT property, cancer cells in the primary 

site enter blood vessels via intravasation and translocate to the bone site via extravasation. Once these cancer 

cells reach the bone, a vicious cycle begins that can disrupt the homeostasis of the bone. Depending on the 

secretion factors, breast cancer cells in the bone microenvironment can activate either osteolytic or 

osteoblastic activity. pTHrP (parathyroid hormone-related peptide), interleukin1/6/11, PGE2 (prostaglandin 

E2), TNF (tumour necrosis factor), M-CSF (macrophage colony-stimulating factor), RANKL (secreted by 

breast cancer cells) and RNAKL (secreted by osteoblast) bind to the RANK receptor and activate 

osteoclastogenic activity by increasing osteoclast differentiation. The osteoclastogenic activity increases HCl 

(hydrochloric acid), IGF-1 (insulin-growth factor 1), FGF (fibroblast growth factor), PDGF (platelet-

derived growth factor) and MMPs (Matrix metalloproteinase) promotes the degradation of the collagen 

matrix as well as the proliferation of cancer cells. During the osteoblastic activity, breast cancer cells 

increase ET1 (endothelin 1) secretion, which inhibits DKK-1 expression. Reduced Dickkopf 1 (DKK-1) levels 

enhance Wnt signalling, leading to more bone production (Venetis et al., 2021). 
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1.3 Signalling pathways involved in breast cancer progression 

1.3.1 ER signalling and ER-Positive breast cancer 

ER, signalling, in which each ER receptor consists of two parts - a membrane receptor and 

a nuclear receptor. In general, the membrane receptors consist of G-coupled proteins, 

whereas the nuclear receptors (ERα and ERβ) are transcription factors that become active 

when they bind to the correct ligand (Saha Roy & Vadlamudi, 2012). The binding of an 

estrogen ligand promotes the dimerization of ERα and ERβ, and this active dimer form 

causes conformational changes in the DNA-binding domain (Song & Santen, 2006). These 

changes affect downstream genes such as CCND1, HIF1α, and IL6 (De et al., 2016) and 

also the formation of toxic metabolites that damage DNA leading to the progression of 

cancer. Inhibition of Nuclear Factor Erythroid 2 Related Factor (NRF2), a protein activated 

in response to oxidative stress (Xie et al., 2023), and Ubiquitin Specific Peptidase 8  (USP8) 

increase endocrine resistance (Zheng et al., 2023) may reduce the ER regulated breast 

cancer. 

1.3.2 Her2 signalling and Her2 Positive breast cancer 

A family of tyrosine kinase receptors known as human epidermal growth factor receptors 

(EGFRs or HERs) is expressed in healthy tissues as well as in various cancers. Human 

epidermal growth factor receptor-2, also known as Her2/NEU or c-ERBB2, is an EGFR. 

Similar to the other receptor tyrosine kinases, Her2 has an intracellular domain, a 

transmembrane domain, and an extracellular ligand-binding domain (Dean et al.,2008). The 

constitutively active version makes Her2 the preferred component for forming dimers with 

molecules other than Her1/3/4 and offers Her2 the potential to influence numerous cellular 

activities through multiple pathways. Several downstream signalling pathways, including 

mitogen-activated protein kinase (MAPK) and phosphatidylinositol 4,5-bisphosphate 3-

kinase (PI3K), are activated by ligand binding (Weigelt et al.,2010). Breast tumour 

development is closely related to these signalling pathways, as they directly affect cell cycle 

progression and cancer cell survival (Yarden, 2001) (Iqbal & Iqbal, 2014). 

1.3.3 Notch signalling 

The Notch signalling pathway is thought to play a role in the development of breast cancer, 

making it a potential new treatment target. The Notch signalling pathway consists of five 

Notch ligands, which are single transmembrane proteins called Delta-like (DLL) 1, 3, 4 
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and Jagged (JAG) 1, 2. The binding of a Notch ligand from one cell to the extracellular 

domain of a Notch receptor from another cell is a prerequisite for the activation of one of 

the four Notch receptors, all of which function through the same basic signalling pathway. 

A series of important proteolytic cleavages of the Notch ligand-receptor complex gives rise 

to the extracellular Notch domain and the intracellular Notch domain (NICD). In one study, 

primary human breast cancer was found to have high expression of Jag1 and/or Notch1 

genes in tumours, which is associated with poor prognosis (Reedijk et al., 2005). 

Mammosphere self-renewal was prevented by blocking Notch 4 or inhibiting the enzyme 

γ-secretase, and disruption of Notch signalling significantly reduced the efficiency of 

mammosphere development of Ductal Carcinoma In Situ (DCIS) (Politi et al.,2004). Notch 

3 and Jag1 are critical regulators of cancer stem cell renewal and survival under hypoxia in 

primary breast cancer and tumour spheres derived from breast cancer cell lines (Feng et al., 

2018). Notch3 can also inhibit breast cancer migration by upregulating Glycogen Synthase 

Kinase 3 β (GSK3β) (W. Chen et al., 2022). The Her2 signalling system, active in 

approximately 20% of breast tumours and associated with more aggressive diseases, 

interacts with the Notch signalling system. It has been discovered that dysregulation of the 

Notch signalling pathway in conjunction with the Wnt signalling pathway causes breast 

cancer metastasis (Sethi et al., 2011). Ezrin, a protein that links actin and plasma membrane, 

regulates breast cancer via Notch signalling in a Hes1-dependent manner (M. Chen et al., 

2022). Patients resistant to tamoxifen showed upregulation of Hes1, Notch4, and nicastrin, 

another role of Notch signalling (Boustan et al., 2023). 

1.3.4 Sonic Hedgehog (SHH) signalling  

SHH signal transduction is required for the proper organization of cell proliferation and 

differentiation during embryonic tissue patterning, which is critical for the formation of the 

mouse mammary gland. When the Shh ligand is bound, the inhibitory action of Patched 

Homolog-1 or PTCH1 on Smoothened (SMO) is reduced, and SMO activation enhances 

Glioma-Associated Oncogene 1 (GLI1) translocation (Lee et al.,2017). Another research 

has shown that inhibiting GLI using GANT61 and knocking out SHH can significantly 

inhibit cancer progression and migration (Riaz et al., 2019). Disruption of PTCH1 and GLI-

2, resulted in severe defects in ductal development (Edward et al., 2021). Cordycepin, a 

derivative of adenosine, demonstrated inhibitory effects on the growth and metastasis of 

triple-negative breast cancer (MDA-MB-231) in nude mice through the down-regulation of 

SHH, PTCH-1, GLI-1, and SMO expression (Wu et al., 2022) 
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1.3.5 PI3K/AKT/mTOR signalling 

Oncogenic PI3K mutations (PIK3CA) are common in human breast cancer and can lead to 

dedifferentiation of luminal or basal mammary progenitor cells, giving them multilineage 

potential. Resistance to endocrine therapies may be caused by hyperactivation of AKT and 

consequently mTOR. Consequently, the level of phosphorylated S6 kinase (S6K), a 

downstream regulator of mTOR activation, may predict overall survival in patients with 

hormone receptor-positive breast cancer after adjuvant endocrine treatment (Paplomata & 

O’Regan, 2014). The ureido group of 5-ureidobenzofuranone can mimic the hydroxyl 

group in PI3K and mTOR, thus a reduction in PI3K and mTOR signalling was observed 

when added to cells, as confirmed by the reduction in S6, PaktS473, and pAKTT308 

expression levels (Hussain et al., 2022). 

1.3.6 Hippo signalling  

The Hippo signalling pathway is one of the signalling mechanisms that can cause breast 

cancer to spread to other parts of the body. Large Tumour Suppressor Kinases ½ 

(LATS1/2), Mammalian Sterile-Twenty-like (MST1/2), MAP kinase kinase kinase kinases 

(MAP4Ks) and Yes-Associated Protein/transcriptional coactivator with PDZ-binding 

motif (YAP/TAZ) are the essential components of the Hippo signalling pathway (M. Fu et 

al., 2022). In malignant cells, activation of YAP /TAZ by methylation of MST1 at lysine 

position 59 is responsible for the upregulation of bone metastasis. Oxygen deficiency in the 

bone microenvironment is one of the factors contributing to tumour development. By 

regulating EMT, hypoxic inducible factor-1 acts as a promoter of breast cancer metastasis. 

This is achieved by binding to TAZ. In addition to binding to TAZ, the transcription factor 

STAT5 is also responsible for regulating metastasis (Wei et al.,2018). Deletion of ring 

finger protein 3 (RFN3) improved the proliferation and migration of MDA-MB-231 and 

also increase the relapse issue in patients (H. Yang et al., 2022). Similarly, Transducins 

repeat-containing protein (β-TrCP) has been shown to bind to YAP/TAZ and promote its 

degradation at low concentrations of ubiquitin E3 ligase (HERC3), whereas at high 

concentrations of HERC3, β-TrCP fails and promotes translocation of YAP/TAZ to the 

nucleus, promoting tumour progression (Yuan et al., 2023). This indicates that activating 

the hippo pathway can be a potential target to treat breast cancer as studied by (Xiang et 

al., 2022) where Paris saponin VII (steroid) was used to induce autophagy. 
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1.3.7 TGF-β signalling  

TGF-β signalling is another mechanism by which TGF-β ligands bind to a heterodimeric 

complex and activate the Smad-dependent and Smad-independent pathways. The Smad-

independent pathway activates p38 MAPK and c-jun NH2 kinase, which control bone 

growth and development. However, in a malignant state, TGF-β control is easily bypassed, 

and by upregulating EMT, it promotes metastasis. By activating Smad2/3/4, Smad-

dependent pathways transmit their signal and thus control metastasis. It was discovered that 

inhibition of Smad 4 reduces bone metastasis (Drabsch & Ten Dijke, 2011). Recent studies 

have shown how TGF-β signalling is essential for breast cancer progression. TGF-β 

signalling is high in the presence of RNF2 because RNF2 degrades Inhibitory Smad 

(SMAD7), leading to breast cancer progression in both basal and luminal cancer. Further 

studies have shown that ring finger protein 2 is tightly regulated by phosphorylated Smad2 

and Akt (Y. Huang et al., 2022). A mutation in O-GlcNAc transferase, the enzyme 

responsible for Microrchidia Family CW-Type Zinc Finger 2 (MORC2) activity, can lead 

to TGF-β mediated breast cancer progression. It was later found that glutamine-fructose-6-

phosphate aminotransferase, which is regulated by TGF-β signalling, can also activate 

MORC2 function (Y. Liu et al., 2022). HTR1A (5-hydroxytryptamine receptor 1A) reacts 

with Tripartite Motif Containing-21 (TRIM 21) and PSMD7 to inhibit TGF-β signalling 

and thus the progression of triple-negative breast cancer, (Q. Liu et al., 2022) whereas 

TMEM I56 promotes breast cancer metastasis by upregulating TGF-β related EMT (Tong, 

et al., 2022). Some other protein like Ovo-Like Transcriptional Repressor 1 (OVOL1) 

shows an inverse relationship with EMT (Fan et al., 2022), reduced TGF-β signalling by 

degrading SMAD7 a positive modulator of TGF type I receptor. In the TGF-β family of 

cytokines, BMP has received the most attention because it jointly regulates cell fate 

determination and disruption of TGF-β/BMP can lead to various diseases such as 

autoimmune, skeletal and cardiac problems (Rahman et al.,2015). 

In addition to the overhead mentioned pathways, the BMP, RHO-ROCK, and Wnt 

signalling pathways are discussed in detail from a research perspective to comprehend the 

significance of these three pathways in the progression, migration, metastasis, and 

chemoresistance of breast cancer. 
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1.4 BMP signalling 

Marshall Urist discovered Bone Morphogenetic Protein, which promotes bone growth in 

muscle. Recombinant BMPs are effective in the treatment of bone and kidney diseases, 

while genetically engineered BMPs show promise for regenerative medicine and tissue 

engineering (Leung et al., 2023; Obradovic Wagner et al., 2010). Bone morphogenetic 

proteins are dimeric complexes synthesized in the cytoplasm of cells by the action of 

convertase on proprotein complexes already present in the cytoplasm, with the C-terminal 

mature peptide, N-terminal signal peptide, and prodomain having a regulatory function. In 

mammals, there are at least 15 different BMP molecules, each with multiple, sometimes 

redundant, functions (autocrine, paracrine, and endocrine). Bone shortening, also known as 

brachydactyly type A2, has been associated with bone morphogenetic protein receptor 1B 

(BMPR1B) deficiency. Myhre syndrome is characterized by short stature and facial 

dysmorphism due to a dysfunction of the Smad4 gene. Mutations in the BMPR1 receptor 

cause progressive fibro-dysplasia ossificans progressiva (FOP), a disease of the skeleton 

(S. Thomas & Jaganathan, 2022).  

BMP utilizes both canonical and non-canonical signal transduction pathways (Nickel & 

Mueller, 2019). BMP molecules bind to a heterotetrameric complex consisting of dimeric 

S/T kinase receptors of types I and II (Brazil et al.,2015). There are seven different types 

of type I receptors and five different types of type II receptors (Nickel & Mueller, 2019; 

Yadin et al., 2016). Three receptors of each of these types bind to BMP-associated signals, 

including BMPR-IA, BMPR-IB, ActR- IA, BMPR-2, ActR-2A, and ActR-2B (Katagiri, et 

al., 2021). According to the study, BMP2 and BMP4 recruit type II while binding to type 

I, but BMP6 and BMP7 recruit type I while binding to type II (de Vinuesa et al., 2016; 

Gipson et al., 2020). The active heterotetrameric complex phosphorylates R-Smads 

(receptor-regulated Smads), which then interact with Co-Smad (co-mediator Smad). In the 

framework of BMP signalling, Smads 1–5 are R-Smads, Smad 4 is the Co-Smad, and 

Smads 6 and 7 are inhibitory Smads or I-Smads that prevent signal transduction from 

occurring (Christian, 2021). It has been shown that the extracellular environment and the 

influence of other signalling pathways can occasionally cause some BMP molecules to 
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activate non-canonical signalling pathways, such as PI3K/Akt, RHO-GTPase, and TGF-

Beta-Activated Kinase-1 (TAK-1) (R. N. Wang et al., 2014) (Figure 1.8) 

 

Figure 1.8: BMP signalling pathway. The image depicts the canonical and non-canonical BMP signalling 

pathways. When ligands of the BMP family bind, they phosphorylate the BMP receptors, activating both 

canonical and non-canonical signalling pathways. Smad1/5/8 and Smad4 collaborate to regulate canonical 

signalling, while the PI3K-JNK-ERK protein controls non-canonical signalling (Gomez‐Puerto et al.,2019; 

Guyot & Maguer-Satta, 2019). 

Bone morphogenetic proteins (BMPs) serve crucial roles in the regulating of cell 

proliferation. The TGF-β (transforming growth factor beta) superfamily of proteins is 

involved in numerous biological processes, including cell proliferation, differentiation, and 

death. BMPs can induce cell cycle arrest, which allows cells to repair DNA damage or 

undergo differentiation. By increasing the expression of cyclin-dependent kinase inhibitors, 

BMP-2 has been demonstrated to induce cell cycle arrest in prostate cancer cells (Brubaker 

et al.,2004). Additionally, BMPs can increase cell proliferation, which is essential for tissue 

repair and regeneration. For instance, BMP-2 has been proven to stimulate the proliferation 

of osteoblasts (Chatakun et al., 2014), which are the cells responsible for the formation of 

bone structure. BMPs can affect the activity of other growth factors, such as the insulin-

like growth factor (IGF) pathway, which regulates cell proliferation. It has been 

demonstrated that BMP-7 inhibits IGF signalling in breast cancer cells (Otsuka, 2010), 
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resulting in decreased cell proliferation. In certain circumstances, BMPs can have tumour-

promoting actions, which can result in enhanced cell proliferation. For example, BMP-2 

promotes the growth of pancreatic cancer cells by increasing cell proliferation and 

angiogenesis. Overall, BMPs play significant roles in the regulation of cell proliferation, 

with context-dependent effects.  

1.4.1 BMPs in neuronal and muscular development 

The signalling pathway known as BMP is of utmost importance in maintaining a delicate 

equilibrium between the proliferation and differentiation of muscle satellite cell progeny. 

In the initial stages, BMP signals elicit an upregulation in the quantity of primary satellite 

cells through the regulation of their proliferation. Following the process of cellular 

differentiation, there is an upregulation in the production of Chordin, which acts as an 

inhibitor for Bone Morphogenetic Protein (BMP). The presence of this negative feedback 

loop halts the process of cellular differentiation and facilitates the formation of myotubes. 

(Friedrichs et al., 2011). In conjunction with Notch signalling, BMP signalling exerts tight 

control on neuronal induction, specification, and differentiation (Shih et al., 2023). 

Research shows that a chemical inhibitor of BMP signalling, Dorsomorphin homolog 1 

(DMH1), upregulates Her2 expression, a downstream target of Notch signalling, resulting 

in a decrease in the number of neuronal precursors; however, it is noteworthy that treatment 

of Her2 knock-out cells with DMH1 restores the decreased neuronal precursor, indicating 

the tight control of BMP-Notch signalling in neuronal proliferation, specification, and 

differentiation. In a separate investigation, supplying hypoxia-induced vascular smooth 

muscle cells with rhBMP2 boosted their proliferation by upregulating CD44, MMP2, and 

actin aggregation. Immune hybridization research revealed that CD44 has a direct 

relationship with vinculin aggregation, just like CD44 and MMP2, increasing migration(M. 

Yang et al., 2018). 

1.4.2 BMPs in medical implants 

In recent years, there has been a boom in interest in biomaterials that transport BMP-2 to 

damaged bone locations to enhance bone regeneration (Huang et al., 2020). Biodegradable 

polylactic acid (PLA) finds application in tissue engineering and medical devices. 

Cultivating MSCs on PLA material coated with bioactive compounds derived from mussels 

and BMP-2 promotes the development of MSCs, their specialisation, and mineral 

deposition. It has been discovered that bioactive compounds extracted from mussels 
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facilitate the attachment of MSCs to surfaces that are coated with BMP-2 and PLA. As a 

result, osteogenesis, the formation of new bone tissue, is stimulated (Chen et al., 2018). In 

order to facilitate the biofunctionalization of medical implants, scientists employ minerals 

and growth variables such as Titanium Dioxide (TiO2) combined with FGF2, BMP2/6, and 

fibronectin. (Ettelt et al., 2018). Immobilized FGF2 with heparin stimulates fibroblast 

proliferation, immobilized BMP2 with heparin stimulates osteoblast growth, and 

fibronectin improves osteoblast cell adherence to the TiO2 surface. Biocompatibility, 

mechanical characteristics, and radiolucency make polyetheretherketone (PEEK) a popular 

thermoplastic polymer for medical implants. In vitro, studies have shown that micro-porous 

PEEK implants coated with phosphorylated gelatine and BMP-2 can increase bone 

marrow-derived mesenchymal stem cell (BMSC) adhesion, proliferation, and osteogenic 

differentiation, as shown by increased osteogenic marker expression (J. Wu et al., 2018). 

1.4.3 BMP signalling in cancer proliferation  

BMPs in breast cancer  

Research is currently being conducted on the potential involvement of BMPs in the 

processes of self-renewal and differentiation of breast cancer stem cells. These cellular 

activities have been linked to the development and advancement of tumours. A study 

conducted demonstrated that the administration of BMP4 and BMP7 resulted in 

modifications to the gene expression profiles of seven distinct breast cancer cell lines at six 

different time intervals. The cell lines utilised in this study comprised of MDA-MB-231, 

MDA-MB-361, ZR-75-30, SK-BR-3, T47D, HCC1954, and HCC1419. (Rodriguez-

Martinez et al., 2011). Through the utilisation of hierarchical clustering, researchers 

ascertained that distinct cell lines exhibit varying responses to bone morphogenetic proteins 

(BMPs), while specific genes demonstrate responsiveness to both ligands. The expression 

of BMP4 and BMP7 genes exhibited the highest abundance among synexpression clusters, 

thereby emphasising the significance of BMP targets in breast cancer research. BMP4 

exhibited a notably substantial influence on gene expression in comparison to the other 

ligands. (Alarmo et al., 2007). In the zebrafish model, it was observed that the protein 

Smad6 exhibited regulatory control over the invasiveness of the human breast cell lines 

MCF10A and MDA-MB-231. On the contrary, the inhibition of Smad6 can elicit an inverse 

response, thereby reducing the aggressiveness of these cells. (De Boeck et al., 2016a). 

Recent scientific research suggests BMP6 and BMP7 may exhibit a potential preventive 
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effect against the development of breast cancer. Elevated levels of BMP6 and BMP7 were 

found to be correlated with heightened infiltration of immune cells in breast cancer cases 

characterised by the presence of oestrogen receptors. (Katsuta et al., 2019). Furthermore, 

the aforementioned study revealed a positive correlation between elevated levels of BMP6 

and BMP7 expression and enhanced survival rates in oestrogen receptor-positive (ER+) 

breast cancer cases. On the contrary, alternative investigations have examined the impact 

of BMP-6 on the reduction of metastasis in vitro, specifically focusing on highly invasive 

and metastatic MDA-MB-231 breast cancer cells. The activity of Activating Protein-1 (AP-

1), which is known to influence the expression of Matrix Metalloproteinase-1 (MMP-1), 

was observed to be decreased by BMP-6 (Hu et al., 2016). Concurrently, further research 

has presented findings that indicate BMP6 inhibits the ability of MDA-MB-231 cells to 

metastasize in vivo also by reducing the expression of MMP-1, a crucial protein involved 

in the metastasis process (Ning et al., 2019). The literature survey revealed that BMP2 on 

its own is implicated in 17% of prostate and breast cancers, as well as 15% of lung cancers 

(Skovrlj et al., 2015). 

BMPs in ovarian cancer 

Recently, MSCs have been implicated in tumour microenvironment and carcinogenesis, 

especially in ovarian cancer (Whiteside, 2008). A study in Oncotarget investigated the 

impact of ovarian cancer patient-derived mesenchymal stem cells (OC-MSCs) on cancer 

stem cells (CSCs) and carcinogenesis. In vitro and in vivo, OC-MSCs enhanced the 

development and self-renewal of CSCs. Subsequent studies found that OC-MSCs exhibited 

changes in the production of bone morphogenetic protein (BMP), with a decrease in BMP2 

and an increase in BMP4. Exogenous BMP2 or BMP4 inhibition reversed the effects of 

OC-MSCs on CSCs and tumorigenesis. (McLean et al., 2011). The observed effects of OC-

MSCs on CSCs and carcinogenesis were attributed to the alteration in BMP production. 

(Thawani et al., 2010).  The growth of serous ovarian cancer cells was significantly reduced 

both in vitro and in vivo when the BMP signalling system was inhibited using a small 

molecule inhibitor or siRNA targeting BMP ligands or receptors. In contrast, it has been 

discovered that in SK-OV-3 ovarian cancer cell lines, the introduction of rBMP2, a 

different BMP protein, resulted in an increase in cellular proliferation. This effect was 

attributed to the translocation of pSMAD5 from the cytoplasm to the nucleus. The 

administration of dorsomorphin to ovarian cancer cell lines resulted in the reversal of the 
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functional impact of BMP2. Based on the findings of the aforementioned study, it has been 

shown that there exists a negative correlation between the levels of pSMAD5 and the 

prognosis of ovarian cancer. (Peng et al., 2016). According to a scientific study, it has been 

observed that the expression of BMP2 is regulated by the long non-coding RNA Urothelial 

Carcinoma Associated 1 (UCA1). Consequently, the inhibition of lncRNA UCA1 leads to 

the enhancement of BMP signalling through the activation of pSMAD1/5/8, ultimately 

leading to a rise in the proliferation of osteoblast cells. (R. Zhang et al., 2019).   

BMPs in kidney cancer 

Renal cancer cell lines such as Caki-2 and ACHN exhibit notable proliferative and 

clonogenic capabilities as a result of heightened expression of ALDHbr, OCT4A, Nanog, 

and Pax-2. The administration of BMP2 has the potential to decrease the proliferative 

capacity of renal cancer cells. (Wang et al., 2015). In contrast to another molecule of the 

BMP family, BMP-6 encourages the growth of RCC cells both in vitro and in vivo. Further 

investigation showed that interleukin-10 synthesis by BMP-6 in the tumour 

microenvironment enhances the M2 polarization of tumour-associated macrophages 

(TAMs). RCC is one kind of cancer where M2-polarized TAMs are known to encourage 

tumour development and immune evasion (Lee et al., 2013). According to the findings, 

BMP1 is overexpressed in ccRCC tissues (Sun et al., 2021) as opposed to nearby healthy 

tissues. In ccRCC patients, increased BMP1 expression is strongly associated with 

advanced tumour stage, high histologic grade, and reduced overall survival. The study 

suggests that increased levels of BMP1 may promote the restructuring of the extracellular 

matrix (ECM) and the invasion of tumours, potentially leading to the aggressive 

characteristics of ccRCC. (Xiao et al., 2020). 

BMPs in lung cancer 

Patients diagnosed with non-small cell lung cancer exhibited alterations in the Epidermal 

Growth Factor Receptor (EGFR) gene (Passaro et al., 2021). EGFR tyrosine kinase 

inhibitors (TKIs) show promise in treating EGFR-mutant NSCLC, but resistance often 

emerges (Morgillo et al., 2016). Recent scientific research suggests that the activation of 

the bone morphogenetic protein (BMP)-BMP receptor (BMPR) pathway might play a role 

in the development of resistance to EGFR-TKI treatment in specific patients with non-small 

cell lung cancer (NSCLC). Scientifically, it has been established through research that the 

activation of the BMP-BMPR pathway can stimulate the synthesis of the transcription 
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factor Slug. This, in turn, leads to the suppression of EGFR expression and the initiation of 

signalling pathways downstream that augment cell viability and confer resistance to EGFR-

TKIs (Z. Wang et al., 2015). According to one study, both organoids and in-vivo 

surveillance following pneumonectomy revealed a reduction in BMP signalling in type 2 

alveolar and type 2 related stromal cells. Reduced BMP signalling promotes the 

proliferation of type 2 alveolar cells, while elevated BMP signalling promotes their 

differentiation into type 1 alveolar cells (Chung et al., 2018). By decreasing caspase 

activity, XIAP (X-linked inhibitor of apoptosis protein) is an anti-apoptotic protein that 

promotes cancer cell survival. TAK1 (TGF-activated kinase 1) is a protein kinase that 

activates multiple signalling pathways, including those involved in cell survival and 

inflammation. Inhibition of BMP and TGF-β receptors has been demonstrated to lower the 

expression of XIAP and TAK1 in lung cancer cells, resulting in increased apoptosis and 

decreased cell survival (Augeri et al., 2016). 

In addition to its association with other cancers, a study also demonstrated the importance 

of BMP in the process of hair follicle regeneration. The BMP4/SMAD8 signalling pathway 

plays a vital role in regulating granulosa cell proliferation and follicle growth in various 

species, such as geese. The detection of BMP4 in both pre-hierarchical and hierarchical 

follicles indicates that the increased expression of BMP4 in white goose granular cells 

enhanced the rate of proliferation of these cells. Additional Chip-seq analysis confirmed 

the upregulation of Smad 8, a downstream effector of BMP4 signalling, and the 

downregulation of Bmp and Activin Membrane-Bound Inhibitor (BAMBI), an inhibitor of 

activin membrane binding, as contributing factors promoting cellular proliferation (Wei et 

al., 2023).  

1.4.4 BMP signalling in metastasis 

BMPs have been associated with the process of metastasis, which is the spread of cancer 

cells from the primary tumour to surrounding organs. Figure 1.9 depicts the changes 

epithelial cells undergo to acquire mesenchymal properties. BMPs have been demonstrated 

to influence the EMT process in several cancer types, including breast and lung cancer. 

BMP-7 can suppress EMT in breast cancer cells (Ying et al., 2015), for instance, by 

activating the Smad signalling pathway, which results in the overexpression of E-cadherin, 

a protein that is essential for maintaining cell-cell contact. BMP7 can also enhance the 

migration and invasion of pancreatic cancer cells, by stimulating the PI3K/Akt signalling 
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pathway (Gordon et al., 2009). BMPs can also affect the tumour microenvironment, which 

plays an essential part in the process of metastasis. For instance, BMP-2 can induce the 

differentiation of mesenchymal stem cells (MSCs) into osteoblasts (Garg et al., 2017), 

which can foster the formation and dissemination of bone metastases. Overall, BMPs can 

influence the metastatic process through a variety of methods, and their effects can vary 

depending on the context in question. 

 

Figure 1.9: Epithelial-mesenchymal transition. This picture depicts the reprogramming of an epithelial cell 

into a mesenchymal one in response to signals from BMP, TGF-β, Notch, and NF-κB. signalling. Epithelial 

cells lose their high expression of E-cadherin, occludins, cytokeratin, and desmoplakin and acquire 

mesenchymal characteristics by expressing more N-cadherin, fibronectin, laminin, and vimentin. Epithelial 

cells lose adhesion to the basement membrane and become invasive and highly proliferative (Panda et al., 

2022; Srivastava et al.,2013). 

Bone morphogenetic protein receptors, ligands, and antagonists play a role in regulating 

tumour growth and metastasis. In animal models lacking BMP signalling components, 

cancer spread was reduced, suggesting that blocking this pathway may be therapeutic (Bach 

et al., 2018). The migration, polarity, and dendritogenesis of mouse cortical neurons have 

all been demonstrated to be sensitive to alterations in canonical and non-canonical BMP 

signalling pathways. The loss of the BMP receptor BMPR1A in mouse cortical neurons, 

for instance, reduces dendritic complexity and spine density and causes abnormalities in 

dendritic arborisation and orientation by blocking canonical BMP signalling. Similarly, 

abnormalities in axonal development and migration of cortical neurons are observed when 

non-canonical BMP signalling is disrupted by blocking the MAPK/ERK pathway (Saxena 

et al., 2020). 
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The CCN protein, consisting of Cyr6, CTGF, and NOV, also known as cysteine-rich 

angiogenic inducer 61, connective tissue growth factor, and nephroblastoma 

overexpressed, is a matricellular protein that regulates signalling pathways and interactions 

between epithelial and stromal cells. The expression of CCN6, a matricellular protein, is 

found to be highly prevalent in breast epithelial cells. However, its levels decrease 

significantly in cases of aggressive and inflammatory breast cancer. (Kleer, 2016; Leask, 

2016). The silencing of CCN6 leads to the activation of TAK1 (Transforming growth 

factor-β-activated kinase 1) and p38 MAPK, which in turn induces BMP signalling through 

a Smad-independent pathway (Giusti & Scotlandi, 2021).  CCN6 controls integrin 6 (a key 

component of acinar polarity) and E-cadherin to maintain epithelial cells. Thus, a decrease 

in CCN6 can boost tumourigenic activity, which can be quickly restored by treating cells 

with rhCCN6, but overexpression of CCN6 can promote acinar development and limit 

invasion (Pal et al., 2012). Likewise, Chordin-Like 1 (CHL1) has been associated with 

inhibiting the migration and invasion of breast cancer cells. It has been demonstrated that 

CHL1 specifically inhibits BMP4, a protein that promotes the migration and invasion of 

breast cancer cells. The inclusion of CHL1 in a culture medium inhibits both cell migration 

and invasion, regardless of the presence of BMP4 (Cyr-Depauw et al., 2016).  

According to a scientific study, it has been proposed that Smad6 exerts inhibitory effects 

on the metastasis of breast cancer cells. The sustained upregulation of Smad6 hampers the 

capacity of BMP6 to regulate the expression of mesenchymal markers in MCF10A M2 

cells. The application of BMP6 resulted in enhanced intercellular communication in MDA-

MB-231 cells, as observed through electron microscopy. In the zebrafish xenograft model, 

the inhibition of Smad6 did not have any impact on the MDA-MB-231 cells (De Boeck et 

al., 2016b). The activation of BMP-2 induces the Rb pathway, leading to an upregulation 

of epithelial-mesenchymal transition (EMT) and breast cancer stem cells (BCSCs). Breast 

cancer stem cells (BCSCs) exhibit the presence of CD44, a cell surface glycoprotein that 

plays a crucial role in facilitating cell adhesion, migration, and invasion processes. The 

BMP-2 protein enhances the expression of CD44 in cells of breast cancer, leading to an 

increase in breast cancer stem cells (BCSCs) and the development of tumours (P. Huang et 

al., 2017).  

The receptor of the BMP signalling cascade may also influence tumour metastasis. Tumour 

initiation was found to be delayed when WAP-Cre (Whey acidic protein) was used to 

quench BMPRIA in Mouse Mammary Tumor Virus-Polyoma Middle Tumor-antigen 
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(MMTV.PyMT) mice. However, increased expression of keratin 5 and vimentin was 

observed in knock-out mice (Pickup et al., 2015). Zinc Finger E-box-binding homeobox 1 

(ZEB1) is a transcription factor that controls EMT and cancer metastasis. ZEB1 binds to 

and stimulates the promoters of the noggin and gremlin genes. It is believed that noggin 

and gremlin, which are BMP inhibitors, facilitate bone metastases. ZEB1 can also stimulate 

genes associated with bone metastasis, such as S100A4, a calcium-binding protein that 

facilitates the metastasis of cancer cells (Mock et al., 2015). The Zinc Finger E-box-binding 

homeobox 1 (ZEB1) transcription factor is responsible for the regulation of epithelial-

mesenchymal transition (EMT) and the process of cancer metastasis. The transcription 

factor ZEB1 exhibits direct binding and subsequent activation of the promoters of the 

noggin and gremlin genes. Noggin and gremlin, which are inhibitors of bone 

morphogenetic proteins (BMPs), are hypothesised to facilitate the development of bone 

metastases. ZEB1 has the ability to activate genes associated with bone metastasis, such as 

S100A4, a protein that binds to calcium and enhances the spread of cancer cells (Wang, et 

al., 2019).  

Halofuginone is a tiny drug that exclusively targets the Smad3 transcription factor to block 

TGF-β/BMP signalling. Recent research indicates that the combination of halofuginone 

and zoledronic acid reduces breast cancer bone metastases synergistically. In preclinical 

models of breast cancer bone metastases, the combined therapy lowers considerably tumour 

burden, osteolysis, and tumour-induced bone remodelling. Halofuginone and zoledronic 

acid exert their synergistic effects by inhibiting TGF-β/BMP signalling pathways (Juárez 

et al., 2017). RNA-seq analysis of 4T1 mouse mammary cell lines 67NR (non-metastatic) 

and 66cl4 (metastatic) showed upregulation in 28 genes. KM Plotter showed that GREM1 

expression is highly associated with lower recurrence-free survival in ER breast cancer 

patients. Low Crossveinless-2, CHRDL1, CRIM1 and Sclerostin Domain-Containing 

Protein-1 (SOSTDC1) expression in ER+ patients and high CRIM1, GREM1 and SMAD6 

expression in ER- patients worsened recurrence-free survival. GREM1 amplification 

regulates ECM via collagen production, ECM patterning, and EMT promotion, according 

to TCGA data from 421 breast cancer patients. Deletion of GREM1 from the 66cl4 cell line 

reduces tumour growth and lung metastasis in mice compared with controls (Neckmann et 

al., 2019). In another study, researchers have found that Gremlin-1 (Sung et al., 2020) and 

BMP2 (Kim et al., 2015) increase breast cancer and colon cancer metastasis respectively, 

by activating the STAT3 signalling pathway. This, in turn, leads to increased synthesis of 
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matrix metalloproteinase 13 (MMP13), an enzyme linked to extracellular matrix 

degradation and cancer cell invasion. The treatment of MMTV-PyVmT animals with 

DMH1, an antagonist of BMP signalling, decreased lung metastasis by modifying the 

macrophages, blood vessels, and fibroblasts in the microenvironment that typically favour 

metastasis (Owens et al., 2015). JAG1, a downstream target of Notch1 signalling, was 

reduced by knocking down transcriptional enhanced associate domain and suppressing 

YAP1. Similar to the knockdown of Notch, the expression of YAP1 was reduced and 

degradation of YAP1 was accelerated by the knockdown of NICD, suggesting that Notch1 

contributes to the stability of YAP1 by blocking its ubiquitination by TrCP (Zhao et al., 

2022). The research suggests that YAP1 and Jag1/Notch1 have a positive association. It is 

interesting to note that overexpression of YAP1 decreases Smad1/5 expression and, YAP1 

in conjunction with Notch1, promotes metastasis to the lung. Follistatin-like protein 1 

(FSTL1) is a secreted glycoprotein that stimulates the nuclear factor kappa B (NFκB) 

signalling pathway to promote the proliferation, migration, invasion, and chemoresistance 

of oesophageal squamous cell carcinoma (ESCC). FSTL1 regulates the proliferation, 

differentiation, and metastasis of cells by activating nuclear factor NFκB and BMP 

signalling pathway (Lau et al., 2017). 

1.4.5 BMP signalling in chemoresistance and relapse 

BMP has the ability to elicit chemoresistance through multiple mechanisms. The 

upregulation of anti-apoptotic genes by BMPs is a contributing factor to the development 

of chemoresistance (Zhuo Chen & Xu, 2016). The nuclear factor kappa B pathway, which 

is activated by BMP signalling, is a key player in tumour promotion and chemoresistance 

(Ghasemi et al., 2019). Upregulation of multiple anti-apoptotic genes, including survivin 

and Bcl-xL, by BMP2 in esophageal squamous-cell carcinomas cells (Moniuszko et al., 

2016) has been linked to increased chemoresistance. To add remarks to a medical condition, 

BMP signalling can also control the expression of drug transporters such as ATP-Binding 

Cassette Subfamily G Member 2 (ABCG2) and Adenosine 5′-Triphosphate–Binding 

Cassette Subfamily B Member 1 (ABCB1) (Binello & Germano, 2011) which play a role 

in drug efflux and contribute to chemoresistance. Downregulation of BMP6 in breast cancer 

stimulates ERK signalling and downstream targets of ERK signalling, such as cyclin-D1 

and B-cell lymphoma 2 result in higher proliferation, whereas total knockdown of BMP6 

induces chemoresistance (Lian et al., 2013). ERK is a protein kinase that is triggered by a 
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variety of stimuli, such as growth hormones and stress signals, and promotes cell 

proliferation and survival.  

Lack of Smad4 and p53 has been associated in certain studies with the development of 

colorectal cancer. Loss of Smad4 and p53 stimulates β-catenin, leading to an increase in 

Wnt signalling, while loss of Smad4 and p53 causes cells to activate DKK1, decreasing 

Wnt signalling. This two-way communication aids in the development of resistance in 

colorectal cancer cells (Voorneveld et al., 2015). Research has shown that anti-Müllerian 

hormone (AMH) and its type II receptor, AMHR2, play a role in TGF-β/BMP signalling 

and EMT in lung cancer, a field in which they were previously solely thought to play a role 

in gonadal tissue. Chemoresistance is triggered by depleting AMH or AMHR2, but cells 

become more sensitive to the Heat Shock Protein 90 (HSP90) inhibitor ganetespib 

thereafter. To better understand TGF-β/BMP resistance-associated signalling and to 

develop novel EMT therapeutics, AMH/AMHR2 can be a potential target (Beck et al., 

2016). The tumorigenesis and resistance to chemotherapy of colorectal tumours can be 

traced back to the PSMD14-ALK2 axis, which initiates the BMP6 signalling pathway (Seo 

et al., 2019). Nanos3 is a well-known germline cancer gene responsible for proliferation 

and chemoresistance. In one study, the deletion of Nanos3 increased the sensitivity of 

glioblastoma cells to doxorubicin and temozolomide, confirming its function in 

chemoresistance (Zhang et al., 2020). The protein SMAD-specific E3 ubiquitin protein 

ligase 1 (SMURF1) was discovered to be increased in Head and neck squamous cell 

carcinomas and to be related to poor clinical outcomes. SMURF1 is involved in the control 

of BMP signalling. Increased expression of CD44 and SMURF1 in spheroids compared to 

monolayer cells indicates reduced BMP signalling, as shown by quantitative polymerase 

chain reaction (qPCR) and western blotting analyses. As a result of decreased BMP 

signalling, an environment is created where BMP inhibitors thrive, heightening 

chemoresistance to the medication cisplatin (Khammanivong et al., 2013). 

Imatinib is a regularly used targeted medication for the treatment of Chronic Myeloid 

Leukaemia (CML). According to the study, the adherence of CML cells to stromal cells in 

the microenvironment of the bone marrow may lead to Imatinib resistance. When CML 

cells come into contact with stromal cells, they activate signalling pathways such as the 

ERK pathway, which promotes the upregulation of anti-apoptotic proteins, and the bone 

BMP pathway, which increases the expression of stem cell-related genes that promote cell 

survival and resistance to Imatinib (Kumar et al., 2017). The research done by authors 
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implies that MSCs from acute myeloid leukaemia patients cause K562-ADM cells to 

change into fusiform shapes and exhibit chemoresistance, which is demonstrated by 

enhanced expression of CTGF as determined by qPCR and FISH (fluorescence in-situ 

hybridization) (H. Li et al., 2019). Carboplatin is a chemo-drug that is used to treat many 

different types of cancer. An increase in BORG, which is a BMP/OP responsive gene, is 

caused when carboplatin is used to treat colorectal cancer. This causes p53 to be 

downregulated, which in turn leads to increased proliferation and chemoresistance in the 

cancer cells (J. Li et al., 2020). Carboplatin treatment for ovarian cancer led to increased 

expression of BMP2, suggesting that BMP2 should be targeted to better comprehend 

chemoresistance (Fukuda et al., 2020). Palbociclib and 4-hydroxytamoxifen inhibit cell 

proliferation and prevent tumour growth in MCF7 and T47D (Shee et al., 2019). 

To create new therapeutic approaches for treating cancer, researchers need a better 

understanding of the mechanisms underlying the role of BMPs in cancer proliferation. 

There is some evidence that BMPs play a role in both the development of tumours and the 

spread of cancer to the bones in breast cancer.  Chemotherapy failure and disease recurrence 

are significant worries because of chemotherapy resistance. The tumour's 

microenvironment can amplify pre-existing drug resistance and foster the formation of 

chemoresistance by providing a haven for cancer cells. Therefore, the discovery of effective 

drugs that can target both the primary tumour and bone metastases in breast cancer require 

achieving a BMP signalling equilibrium in this disease. Treatment efficacy and disease 

recurrence risk could be enhanced by using biomarkers to forecast chemoresistance and 

customise treatment plans for individual patients. 

1.5 RHO-ROCK Signalling 

RHO GTPase 

Numerous cellular processes, such as cell migration, proliferation, and cellular adhesion, 

are regulated by very small signalling proteins known as Ras homolog family member 

guanosine triphosphatases (Rho GTPases). It has been suggested that cancer development 

is linked to the dysregulation of Rho GTPases (Shang et al., 2013; Zeng et al., 2019). 

Numerous biomolecules act as signal transducers for these cells and influence tumour 

progression and proliferation. In this context, the GTPase family is one of the most studied 

enzymes as it alters cell signalling leading to uncontrolled cell growth. The Rat sarcoma 
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virus (Ras) GTPase superfamily is a group of molecular switches regulating various cellular 

functions including mitogenesis, cytoskeletal organization, vesicle trafficking, and nuclear 

transport (Pulgar et al., 2005). RHO GTPase is a member of the Ras GTPase family (20 

members), mainly as homolog family member A (RHOA), Ras-related C3 botulinum toxin 

substrate 1 (Rac1) and Cell division control protein 42 homolog (CDC42), which together 

with their activating proteins, guanine nucleotide exchange factors (GEFs), are cancer 

oncogenes (Aspenström, 2022). RHO GTPase is overexpressed in cancer cells such as 

breast, testicular and liver cancer (Kalpana et al., 2019). Hence, the major challenges are to 

understand the role of RHOGTPase expression in the formation of cancer. The 20 RHO 

GTPases in humans can be categorised into different subfamilies based on their structural 

similarities and the way they are controlled. Most studies have focused on the RHO 

(RHOA, RHOB, and RHOC), RAC (RAC1, RAC2, RAC3, and RACG), and CDC42 

(CDC42, RHOQ, and RHOJ) families (Hodge & Ridley, 2016). The C-terminal sections of 

RHOA, RHOB, and RHOC are where most of their differences lie; otherwise, the three 

proteins share an extremely similar primary protein sequence (about 85% identity) 

(Eckenstaler et al., 2022). The switch 1 and 2 domains, as well as most of the amino acids 

involved in GTP binding and hydrolysis, are located in the N-terminal regions of RHOA 

GTPase (responsible for the conformational transition between the GTP-bound and GDP-

bound states). RHOA, RHOB, and RHOC undergo a variety of posttranslational changes, 

such as prenylation of a conserved C-terminal cysteine, methylation, and proteolytic 

removal of the terminal three amino acids (Bagnell et al.,  2022). RHOA and RHOB protein 

levels and function are reduced in the presence of inhibitors of enzymes that generate prenyl 

groups, indicating that prenylation of Rho proteins is essential for their stability (Shang et 

al., 2013).  

The term "RHO-ROCK signalling" describes a biochemical pathway involving the 

serine/threonine kinase family ROCK (Rho-associated coiled-coil protein kinase) and the 

Rho family of small GTPases (Y. Tang et al., 2018). The cytoskeletal system, cell 

migration, proliferation, and differentiation are just a few of the operations in which this 

pathway is crucial (Hanifa et al., 2023). RHOA functions passively when bound to GDP 

but actively when bound to GTP as depicted in figure 1.10. GEFs, GAPs, and GNIs control 

the activity and localization of RHOA (GDIs). GEFs enhance GTP binding of RHOA by 

stimulating the release of GDP. GAPs hydrolyze the GTP substrate of RHOA to stop its 

action. GDIs sequester GDP in the membrane to maintain the position of RHOA. Nearly 
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145 GEFs and GAPs are found in the diverse tissues to control RHO functioning (Jiang et 

al., 2023; Müller et al., 2020; Y. Zhang et al., 2022). RHOA interacts with downstream 

effectors to alter cellular activity. RHOA regulates migration, adhesion, survival, cell 

proliferation, gene expression, and vesicle transport (Filić & Weber, 2023; Schmidt et al., 

2022; Zhou et al.,2013). G protein-coupled receptor ligands, extracellular matrix proteins, 

and other growth proteins stimulate GTPase activity by binding to their respective 

receptors, which in turn activates RHO, RAC1, and CDC42. The signal from activated 

RHO is transduced to Citron (Bishop & Ann, 2000), which controls cell cycle and 

cytokinesis, and protein kinase N (PKN), which supports membrane trafficking (Filić & 

Weber, 2023). The downstream targets of activated RHO, ROCK and mouse version of the 

diaphanous homolog 1 (mDIA), control actin dynamics and actomyosin contractility 

(Kimura et al., 1996). Rac1 stimulates Serine/threonine-protein kinase (PAK), which 

controls actin dynamics via LIM-Kinase, and nicotinamide adenine dinucleotide phosphate 

hydrogen oxidase, which supports cell proliferation (Sauzeau, et al., 2022). The last 

component, cdc42, promotes myotonic dystrophy kinase related-Cdc42 related kinases 

(MRCK), which in turn activates Myosin Light Chain 2 (Amano et al., 1996) and assists 

actomyosin in contraction, and (Wiskott–Aldrich syndrome protein) WASP, which 

controls cell motility (Figure 1.10).  

Rho pathway mutations can cause many diseases. Breast, lung, and gastric cancers have 

RHOA gene mutations. Mutations can over-activate RHOA signalling, increasing cell 

proliferation, migration, and invasion. Mutations in the Rac1 and Cdc42 (Lionarons et al., 

2019) genes have been linked to developmental disorders like Duane syndrome and 

developmental delay and intellectual disability, respectively. Hypertension and coronary 

artery disease are linked to ROCK2 gene mutations. Some RHO mutations that were 

produced in the lab, such as G14V and Q63L (Khosravi-Far et al.,1995), show a gain of 

function characteristics and are easily compatible with active mutants that already exist. It 

was also found that these mutations tend to cluster in the interaction areas of regulators and 

that they have an influence on downstream effectors. R5, G17, and Y42 (Network, 2014) 

were shown to be the three most common mutation hotspots in RHOA. It was observed that 

90% of peripheral T-cell lymphoma cases and roughly 15-20% of stomach cancer cases 

both displayed mutations in RHOA (Kakiuchi et al., 2014; K. Wang et al., 2014). 

According to the TCGA database, E40Q, G17A, and R5W mutations were also observed 

in breast cancer (Svensmark & Brakebusch, 2019). Differential signalling occurs in RHOA 
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mutant cells since mutations in RHOA can affect both downstream effectors and upstream 

regulators, favouring or downregulating the function. 

 

Figure 1.10: Switching between RHO-GDP/GTP and downstream signalling. As depicted, Rho-GDP 

inhibits ROCK activity whereas Rho-GTP stimulates ROCK activity. By phosphorylating FHOD1 and 

multiple cofilins activating factors, ROCK activation promotes actin polymerization. The actin organisation 

(polymerization and depolymerisation) regulates apoptosis, stress fibre assembly, cytokinesis, polarisation, 

and differentiation (Saadeldin et al., 2021).  

1.5.1 RHOA in cancer progression 

Tumour initiation, metastasis, and treatment resistance have all been linked to the Rho 

family of small GTPases, which includes RHOA, Rac1, and Cdc42. RHOA is 

overexpressed in many malignant tumours and has been linked to tumour expansion, 

invasion, and blood vessel formation (Rathinam et al., 2011; Ridley et al., 2008). 

Oncogenes and tumour suppressor genes are responsible for the transition of normal cells 

into malignant cells early in the course of cancer (Pulciani et al.,1985). Among the 

characteristics of malignant cells include unregulated cell division, apoptosis resistance, 

and the ability to grow without supporting structures. By modifying the cytoskeleton 

architecture of the cells, these malignant cells can also regulate the stress fibres (Anne J et 

al.,1992). 

Local tumour invasion of healthy tissue initiates the metastatic process. As cancer cells lack 

the resources to multiply and survive in their surrounding environment, local invasion is 

adaptive (García-Jiménez & Goding, 2019). In normal organisms, cells can migrate as a 

group, such as epidermal keratinocytes during skin wound healing, or singly, such as 

leukocytes to an inflammatory region. (Friedl et al., 2012). To move the plasma membrane 

and the cell body, cells use four different actin-based projections (García-Jiménez & 
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Goding, 2019). Lamellipodia are thick actin protrusions near the cell periphery, while 

filopodia are thin actin structures that serve as exploratory protrusions to probe the cell's 

environment. Invadopodia degrade the matrix, while blebs are massive spherical 

protrusions (Charras et al., 2006) that form when an area of the plasma membrane detaches 

and inflates due to increased hydrostatic pressure caused by strong actomyosin contraction 

(Anne J  Ridley, 2015). When cells lose their adherence to the matrix and develop polarity, 

migration can start. High Rac1 and low cdc42 activation in the anterior half of migrating 

cells regulate their elongated shape, and contraction of actomyosin at the posterior end 

encourages the protrusion known as lamellipodia. RHOA simultaneously encourages 

retraction along with mDIA at the anterior end and ROCK at the posterior end. The capacity 

to retract and create a protrusion must be properly balanced during the migration process 

(Bolado-Carrancio et al., 2020). Actin-myosin contraction in the lateral area via Rho-

ROCK and cdc42-MRCK controls collective cell movement (Gaggioli et al., 2007). Figure 

1.11 illustrates the variations in actin and stress fibre formation during cell migration. 

Intravasation was studied in the zebrafish model. It was found that cdc42- WASP promotes 

intravasation and overexpression of RHOC in migrating cells facilitates intravasation by 

giving the cells a round and amoeboid shape as they circulate in the blood arteries (Stoletov 

et al., 2007).  

 

 

 

 

 

 

 

Figure 1.11: RHOA-ROCK in cancer progression. Activated Rho-associated kinase (ROCK) phosphorylates 

LIMK (Lim kinase), MLC (myosin light chain), and MYTP (myosin phosphatase target), as depicted, to 

promote stress fibre formation, increase focal adhesion, and regulate actin organisation. The active ROCK 

is directly responsible for regulating the cell cycle as well as cellular survival and senescence (Kim et 

al.,2021). 

Not only in migration and intravasation but RHO-ROCK signalling also regulates 

extravasation and colonization at distant sites. It was studied that ROCK with NF-kB 

promotes lung colonization (Georgouli et al., 2019) by disrupting the cell-cell attachment, 
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similarly, RHOC with caveolin-1 protein helps prostate cancer to metastasise in in-vitro 

conditions (Gligorijevic et al., 2012). The majority of cancer deaths are caused by distant 

metastases. The interaction between SDF-1α and CXCR4 causes distant metastases in 

many solid tumours. This substance promotes migration and distant colonisation. Many 

chemokine factors that promote homing and recruitment to distant locations appear to 

attract RHOA mutant cells at concentrations of 100ng/ml of SDF-1α and CXCR4, 

increasing the likelihood of bone marrow host cells binding them (Pasquier et al., 2015).  

During the process of microtubule disintegration, GEF-H1 can drive RHOA activation, but 

only if BCL2 Interacting Protein 2 (BNIP-2) is present. BNIP-2 is a BCH domain-

containing protein that binds RHOA and GEF-H1 and migrates with kinesin-1. In breast 

cancer cells of the MDA-MB-231 subtype, loss of BNIP-2 leads to a reduction in RHOA 

activity and an increase in cell motility. Nocodazole-induced microtubule disintegration 

enhances BNIP-2-GEF-H1 interaction, while BNIP-2 knockdown uncouples RHOA 

activation and cell rounding. BNIP-2 acts as a scaffold for GEF-H1 and RHOA, which 

allows for more precise control of RHOA activity and cell motility. (Pan et al., 2020). 

Tiam1 (T-lymphoma invasion and metastasis-1) is a different GNEF that controls Rac in 

vivo and Rac-cdc42 in vitro by catalysing nucleotide exchange (Minard et al., 2004). Tiam1 

controls RHOA’s GDP-GTP state in conjunction with the cytoplasmic protein Ankyrin. 

Tiam1 was expressed more strongly when breast cancer was of a higher grade 

(Bourguignon et al., 2000). In addition to GEF, RhoGAP also controls the level of activated 

Rho signalling, which in turn affects cancer. When p190RhoGAP is overexpressed in cells, 

it inhibits RHOA activity, which decreases nestin expression, reduces cell proliferation, 

and lengthens cellular processes (Wolf et al., 2003). RhoGAP protein ARHGAP10 is an 

additional member of the RhoGAP family that suppresses cell migration, invasion, and 

adhesion by deactivating cdc42 via GTP hydrolysis (Luo et al., 2016). Breast cancer 

patients (Li et al., 2019) and 77.3% of ovarian cancer patients (Teng et al., 2017) and had 

lower levels of ARHGAP10, which shows that it governs the way cancer expands. In 

addition to ovarian cancer, overexpression of ARHGAP10 reduced the production of 

MMP2 and MMP9 and stimulated the expression of β-catenin and c-Myc, which prevented 

lung cancer from migrating, invading, and metastasizing (Teng et al., 2017). In contrast to 

non-cancerous tissue, prostate cancer patients were shown to have increased levels of 

ARHGAP10, and this protein has a negative relationship with wnt signalling (Gong et al., 

2019; Teng et al., 2017).  
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RHOA or RhoC overexpression in breast cancer is associated with a poor prognosis; RHOA 

or RhoC suppression using anti-siRNA curtailed cell proliferation and invasion more 

effectively than conventional Rho cell signalling inhibitors (Pillé et al., 2005). Matrigel 

invasion experiment, flow cytometry, and qPCR all revealed that silencing the syndecan-1 

gene induced an increase in migration of MDA-MB-231 and MCF7 cells by upregulating 

vinculin, cadherin-11, MMP2 and RHOA/C and downregulation of Cyclin-dependent 

Kinase 6 (CDK6) and MMP9 (Ibrahim et al., 2012). Additionally, given that Cdc42, a 

member of the Rho signalling family, governs malignancy, the fact that TT17C knockdown 

increased the expression of Rap1 and Cdc42 in breast cancer samples shows TT17C has a 

negative correlation with malignancy (J. Zhang et al., 2023). Silencing DLC1 (deleted in 

liver cancer 1) in PCa cells increased proliferation, as demonstrated by the CCK-8 assay 

and cell cycle analysis, whereas Y27632 restored DLC1 function, indicating an inverse 

relationship with ROCK and a potential target to control tumourigenesis (Gong et al., 

2023). In prostate cancer cells that had been treated with enzalutamide, an enhanced 

expression of RHOA, p38, androgen receptor, and ROCK2 was observed in enzalutamide-

resistant cells; however, the resistance could be overcome by inhibiting RHOA through the 

RHOA/ROCK2/p38 pathway (X. Chen et al., 2023). The proliferation and migration-

promoting properties of C-X-C-motif ligand-1 (CXCL1) in tongue cancer cells, secreted 

by LNMTCa8113 lymphatic endothelial cells were validated by the CCk-8 assay and the 

transwell assay, respectively. CXCL1 is also capable of activating RhoGTPase, which in 

turn promotes cytoskeleton reorganisation, a crucial step in migration (S. Zhang et al., 

2023). According to the findings of one study, Bcl-2-associated Athanogene 6 (BAG6), a 

chaperone protein that maintains protein quality and proteostasis inhibits the ubiquitination 

of RHOA and promotes the formation of stress fibres. In cells lacking BAG6, RHOA levels 

and the formation of stress fibres are both reduced. BAG6 may assist RHOA in maintaining 

its stability and producing stress fibres (Miyauchi et al., 2023). miR-31 is a microRNA with 

anti-fibrotic actions in multiple organs, including the kidney. It was discovered that Nuclear 

Enriched Abundant Transcript 1(NEAT1) acts as a shield for miR-31, preventing it from 

binding and blocking its downstream targets. This results in an increase in the activation of 

the RHOA/ROCK signalling pathway, which has been implicated in the aetiology of renal 

fibrosis. The connection between miR-31 and NEAT1 or RHOA was confirmed using RNA 

immunoprecipitation (RIP), fluorescence in situ hybridization (FISH), and luciferase 

reporter assays (Y. Chen et al., 2023).  
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1.5.2 RHOA in metastasis 

Several investigations have been conducted to learn how RHO-ROCK signalling 

contributes to the development and spread of breast cancer. High RHOA and low RHOB 

messenger RNA expression strongly regulate the actin cytoskeleton and cell motility in 

eight breast cancer cell lines. RHOB inhibition boosted invasion, but RHOA inhibition 

decreased stress fibre formation. Restoration of BRCA1 expression in a basal-like cell line 

impedes migration. Reduction of RHOA and increase of RHOB cause this behavioural 

change. These results suggest that BRCA1 regulates the expression of RHOA and RHOB 

in basal-like malignancies (Privat et al., 2020).”Voltage-gated Na+ channels (VGSCs) also 

support cancer cell migration and invasion. Researchers looked at how RHOA changes 

Nav1 protein in MDA-MB 231 and MCF-7 breast cancer cell lines. Silencing RHOA 

decreased both the production of Nav1.5 channels and the flow of sodium, which led to 

less cell growth and invasion. Knocking out Nav1.5 also lowered RHOA protein levels, 

which shows that RHOA and Nav1.5 work together to make tumours more aggressive 

(Dulong et al., 2014). Cell proliferation, metastasis, and invasion can be inhibited in MCF7 

and MDA-MB-231 by activating NRF2 alpha receptors, which control the oxidative stress 

response. Mechanistic studies conducted recently demonstrate that NRF2 binds to the 

promoter of ERR1 (oestrogen receptor) and reduces protein function. The expression of 

RHOA can be reduced by inhibiting NRF2, which improves the prognosis of breast cancer 

(C. Zhang et al., 2016). In the same context, Neuroepithelial Transforming Gene 1 (Net1), 

a RHOA subfamily GEF, is increased in several human cancers. PyMT-expressing Net1-

deficient animals show decreased tumours and metastasis. Net1 loss reduces tumour 

angiogenesis and enhances tumour cell death. Net1 is required for RHOA activation and 

tumour cell motility. PyMT cannot activate ERK1/2 and PI3K/Akt1 without Net1. Primary 

tumour cells transplanted without Net1 diminish tumour angiogenesis and lung metastasis. 

Net1 signalling increases proliferation and PI3K pathway activation in 10% of human 

breast cancers. Net1-expressing patients have lower distant metastasis-free survival (Y. 

Zuo et al., 2018). 

Recent whole genome sequencing studies suggest that RHOA limits tumour development. 

Researchers used a syngeneic triple-negative breast cancer mouse model to examine how 

reduced RHOA expression affects tumour development, metastasis, and invasion. 

Suppression of RHOA in vivo did not affect breast cancer cell proliferation or clonogenesis, 

despite encouraging results in vitro. Cancer-associated fibroblasts and macrophages 
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enhance the tumour-friendly CCL5-CCR5 and CXCL12-CXCR4 chemokine axes of the 

primary tumour. RHOA-deficient breast cancer tumours spread aggressively to the lungs 

and lymph nodes due to chemokine receptor suppression (Kalpana et al., 2019). Basal-like 

carcinoma, an aggressive breast cancer, has no targeted treatment. Septins, 13-headed GTP-

binding proteins, are the fourth cytoskeleton component. SEPT9 on Chr 17q25 affects cell 

motility, proliferation, shape, and cytokinesis. SEPT9 i1 increases breast tumour growth 

and cell migration. SEPT9 Overexpressed MCF-7 cells injected into mice's mammary fat 

pads and tail veins caused palpable tumours in the fat pad but no metastases in the lung or 

liver. Knocking down SEPT9 decreased p-FAK (Y397, Y576/577, and Y925), p-Src 

(Y416), p-Paxillin (Y118), and p-ROCK1 (T455 + S456). After treatment with the FAK 

inhibitor PF-573228, Y-27632 decreased FAK/Src/paxillin signalling but did not affect 

RHOA-ROCK1 signalling activity, confirming the involvement of RHOA-ROCK1 (Zeng 

et al., 2019). FAK/RHOA was shown to be triggered by AngII/AGTR1 (angiotensin II 

receptor type 1). AGTR1 increases FAK/RHOA and its downstream effectors ROCK1, 

ROCK2, and MLC. AGTR1 activates G12/13 and interacts with Rho-GEF G to influence 

RHOA. In vascular smooth muscle cells, losartan inhibits FAK phosphorylation caused by 

Ang II production (Y. Ma et al., 2019).  AIF1L (allograft inflammatory factor 1-like) 

appears to regulate cell motility through FAK/RHOA signalling. By adopting a more 

circular shape and producing fewer protrusions, AIF1L-transfected MDA-MB -231 cells 

were able to reduce their propensity to spread. Moreover, GSEA suppressed AIF1L 

expression, resulting in increased COL4, COL6, COL5, and COL1 expression. 

Consequently, it was hypothesized that AIF1L affects FAK/RHOA expression by 

sabotaging cell-ECM communication (Liu et al., 2018). Moesin is a protein that can both 

initiate and arrest tumours. Activated intracellular moesin directly upregulates the 

expression of Scr, LRP5, MMP9, Snail2, and viability and thus migration, whereas 

activated extracellular moesin downregulates FAK and RHOA along with these genes 

(Ahandoust et al., 2023). 

TNBC cells with a high migration rate express RhoGAP ARHGAP18. ARHGAP18 levels 

are lower in breast cancer survivors who have not had a recurrence or metastasis. 

ARHGAP18 deletion increased RHOA while decreasing TNBC growth, migration, and 

metastasis. Overexpression of MiR-200b stimulates RHOA, improves focal adhesions and 

actin stress fibres, and inhibits migration and metastasis. Stable miR-200b reduced RHOA 

activity while increasing cell mobility. ROCK inhibition reduced RHOA signalling and 
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reversed the effects of miR-200b inhibition on cell movement. TNBC cell motility and 

metastasis are inhibited by ARHGAP18 and miR-200b (Humphries et al., 2017). Together 

with Rac1, the other ARHGAP8 (pro-metastatic Rho GAP) is transported to the 

lamellipodia region to generate cell polarity. Under the effect of EGF, BPGAP1 maintains 

a balance between the activation of RHOA and Rac1. BPGAP1 recruits RacGEFVav1 to 

activate Rac1 in the lamellipodia area and RhoGAP to inhibit RHOA activity. Reduced 

RHOA and elevated Rac1 are necessary conditions for cell migration (Wong et al., 2023). 

TNBC cell lines have more RHOA pathway activity than normal cancer cell lines because 

rhophilin-associated tail protein 1 regulates it (ROPN1). Silencing ROPN1 inhibits cell 

migration and invasion while overexpression stimulates them. Silencing RHPN1 (ROPN1 

interacting protein rhopillin-1) separates RHOA and ROPN1, showing it is needed for all 

functions. Drug or suppressing RHOA decreases migration in cell tracking, wound healing, 

and transwell penetration experiments. Dephosphorylation of cofilin reduces stress fibre 

formation in RHOA-deficient cells (Q. Liu et al., 2020). ANXA1, also known as Annexin-

A1, activates p38, JNK, ERK, and MAP-kinases to impact proliferation, actin cytoskeleton, 

membrane trafficking, and apoptosis in certain malignancies. Paxillin staining showed 

more focal adhesion spots in ANXA1-silenced MCF7. This suggests that ANXA1 

overexpression may increase migration and metastasis by inversely expressing focal 

adhesion sites. U0126, a MEK1/2 inhibitor, increased wound closure time in MCF7 cells 

transfected with or without ANXA1. ANXA1-MCF7 showed a greater rise. ANXA1 

overexpression increased CXCL12-induced RHOA signalling in cells. In normal MDA-

MB-231 cells, RHOA, Rac1, and cdc42 overexpression boosted NF-kB activity by 2–20-

fold. In response to CXCL12, MCF7 cells overexpressing RHOA, cdc42, and Rac1 

activated NF-kB but not Rac1. CXCL12-induced NF-kB activation requires RHOA. Thus, 

ANXA1 enhances wound healing via ERK-RHOA-NF-kB signalling pathways (Bist et al., 

2015).  

TNBC cells exhibit more of the Protein C Receptor (PROCR) gene family, which is linked 

to purpura fulminans and thrombophilic disorders, than ER+/PR+ and Her2+ cells. PROCR 

overexpression causes c-Myc, cyclin D1, ERK, PI3K-Akt-mTOR, and RHOA-ROCK 

signalling cascades. Increased PROCR expression made BT549 cells more elongated than 

controls, demonstrating that this gene regulates cell shape and morphology. PROCR’s 

cytoprotective action in several cell types may be mediated by the G protein-coupled F2R 
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receptor. Knocking down F2R only inhibited RHOA-ROCK and p38 signalling, which had 

been boosted by PROCR overexpression, but did not affect ERK or PI3K-Akt-mTOR 

signalling (Daisong Wang et al., 2018). EDV (endothelium-dependent vascularization) and 

vasculogenic mimicking (VM) angiogenesis boost tumour growth. S1PR1 (sphingosine-1-

phosphate receptor 1) is involved in all EDV-dependent human cancers. RHOA 

phosphorylates VE-cadherin. RHOA activity was higher in S1PR1-expressing MDA-MB-

231 and MCF-7 cells. The RHOA inhibitor boosted VE-cadherin expression and decreased 

phospho-VE-cadherin (Y731) and β-catenin expression, but S1PR1 expression was 

unaffected. In response to the inhibitor, RHOA signalling induces tumour endothelium-

dependent vasculature and decreased VM development through elevating S1PR1 (S. Liu et 

al., 2019). 

G proteins, combined with receptors, send cell signals via subunits like G-α/β/γ. Aggressive 

breast cancer cells upregulate GNA13 component G-α13. Kallikrein genes, including 

KLK3, produce prostate-specific antigen (PSA), a prostate cancer marker. Gene expression 

and immunoblot profiles demonstrate that GNA13-expressing cells decrease KLKs, 

specifically KLK-5, KLK-6, KLK-7, KLK-8, and KLK-10. GNA13 knockdown enhances 

KLK6/7 in aggressive breast cancer cells like MDAMB-157. Many breast cancer patient 

samples show that GNA13 inhibits KLK-5/6/7/8/10. Rhotekin pull-down experiment 

showed that GNA13-overexpressed cells downregulated RHOA. RHOA controls KLK, as 

C3 toxin (RHOA inhibitor) lowered active and total RHOA levels and KLK gene profile 

in MCF-10A. GNA13 decreases RHOA and KLK gene expression and suppresses KLK 

gene expression via the RHOA-ROCK pathway (Teo et al., 2016). Researchers found that 

not only G-protein, but type IV collagen stimulates Dishevelled-Associated Activator of 

Morphogenesis 1 (DAAM1) and RHOA and promotes haptotaxis of MDA-MB -231 and 

MDA-MB-453 breast cancer cells on Boyden chamber membranes, a process blocked by 

cycloheximide (RGDfK). ShRNA-mediated DAAM1/N-DAAM1 reduction decreased 

collagen-induced RHOA activity, stress fibre assembly, invadopodia enlargement, and cell 

haptotaxis. An inhibitor (CCG-1423) or a dominant-negative mutant (RHOA-N19) reduced 

collagen-induced invadopodia expansion and haptotaxis in MDA-MB -231 and MDA-MB-

453 cells. Integrin γ3/DAAM1/RHOA type IV signals collagen-induced invadopodia 

growth and haptotaxis in breast cancer cells (T. Yan et al., 2018). Human pituitary tumour-

transforming gene 1 (hPTTG1) encodes human securin, which regulates the cell cycle 

during mitosis by segregating sister chromatids; DNA damage repair by interacting with 
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Ku70; the cell cycle by interacting with PBF, PP2A, p53, and Ku70; and expression of c-

Myc and fibroblast growth factor 2. MDA-MB -231 and MDA-MB-453 that formed 

metastases expressed more hPTTG1 than MCF7, T47D-D, and BT-483 cells. 

Overexpression of hPTTG1 or GEF-H1 increased migration and invasion of MDA-MB -

231 and MCF7, but not proliferation. In SCID mice, MDA-MB-231-KD-hPTTG1 and 

MDA-MB-KD-shGFP were injected into mammary fat pads for in vitro studies. As 

expected, injection of hPTTG1 knockdown decreased tumour size and tumour volume 

compared with MDA-MB-231-sh-GFP. Thus, hPTTG1 could treat breast cancer (Liao et 

al., 2012). MCF-7-14-3-3T-FLAG cells outperformed MCF-7-empty vector cells in 

migration and invasion. EGF increases actin ring filament production, making 14-3-3T 

MCF7 cells motile and less adherent. Mammary fat pad xenografts are more common in 

nude mice implanted with stable MCF7-14-3-3T-FLAG than MCF7 empty cells. 14-3-3T 

directly activates the Rho/ROCK signalling pathway, which enhances tumour 

development, pelvic cavity invasion, and lymph node metastases, resulting in poor survival. 

Thus, 14-3-3T may inhibit cancer spread (Xiao et al., 2014). 

Enzalutamide, an androgen receptor antagonist, regulated cell cycle genes like cyclins D, 

E, A, and B in ER+ breast cancer cells and inhibited proliferation in the S phase. The other 

inhibitor of Arv7, a version of AR, did not directly affect cell growth but downregulated c-

Myc in treated cells. Enzalutamide inhibited growth and migration, as seen by greater E-

cadherin expression and lower MMP9/2 and ROCK1 and 2 activities. Enzalutamide 

inhibits angiogenesis by decreasing VEGF expression (Ali et al., 2023). 30% of ErbB-2-

expressing breast cancers are metastatic and have a bad prognosis. ErbB-2 overexpression 

in human breast cancer cell lines phosphorylates and activates plexin-B1, which is needed 

to activate the pro-metastatic small GTPases RHOA and RhoC and promote invasiveness. 

Plexin-B1 ablation in ErbB-2-overexpressing animals reduced metastasis. ErbB-2-

overexpressing breast cancer patients with low plexin-B1 had excellent prognoses 

(Worzfeld et al., 2012).  

1.5.3 RHOA in cancer chemoresistance and relapse 

Patients are resistant to chemotherapy, immunotherapy, and radiotherapy as a result of the 

heterogeneity of their tumour populations. In addition, cancer cells of a heterogeneous 

population have a high proliferation capability due to stem cell markers CD24-, CD44+ and 

ALDH+ (Zhang et al., 2022) and the ability to commence tumour growth via differentiation. 
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Changes in tumour signalling cascades and bone microenvironment may account for 

acquired medication resistance (Zahra et al., 2022). There were several drugs used to inhibit 

Rho signallings, such as Rhosin which inhibits RHOA (Shang et al., 2012), NSC23766 

which inhibits Rac1(Gao et al., 2004), casin which inhibits cdc42 (Sakamori et al., 2014), 

ZCL278  which inhibits cdc42 by binding to GEF (Aguilar et al., 2019), and Y16 which 

inhibits LARG by binding to RHOA (Evelyn et al., 2009). ROCK is inhibited by Y-27632 

(Nagumo et al., 2000), Fasudil (Nagumo et al., 2000), Wf-536, RKI-1447 (R. A. Patel et 

al., 2012), and AT13148 (Yap et al., 2012) by competing with ATP. PAK is inhibited by 

K252 (Kaneko et al., 1997), OSU-03012 (Porchia et al., 2007), PF-3758309 (Murray et al., 

2010), and FRAX597 (Licciulli et al., 2013) by competing with ATP, whereas IPA-3 

(Deacon et al., 2008) inhibits PAK by generating autoinhibited conformation. To determine 

the most effective treatment, we must therefore comprehend the process underlying 

medication resistance. Consequently, numerous investigations have been done to determine 

the cause. 

Even though PAK family inhibitors like PF-3758399 have been employed to treat solid 

tumours, their significance has been diminished due to poor bioavailability and anaemic 

responses. There is evidence that ROCK inhibitors can be used as a target, as Fasudil and 

Ripasudil have been effective in treating glaucoma and cerebral vasospasm, and AT13148 

has been effective in treating solid tumours of colorectal carcinoma in Asia (Crosas-Molist 

et al., 2022). Mechanical stress requires a fast cell and tissue response to maintain 

homeostasis. Mechanotransduction mechanisms tighten the actomyosin cytoskeleton under 

mechanical stress. Due to extracellular matrix stress, mechanotransduction is over-

activated in diseases like cancer, despite its relevance in epidermal regeneration. Acute 

compressive stress increases RHOA-GTP levels and ROCK-mediated phosphorylation of 

myosin, actomyosin contractility, and tension in cells and tissues in 3D. This shows that 

short-term, high-intensity compression stresses may produce RHO/ROCK-dependent 

cellular homeostasis alterations that may be therapeutic for cancer (Boyle et al., 2020). 

Similarly, (Y. Li et al., 2020) soft matrices like polyacrylamide hydrogel coated with 

fibronectin have been reported to foster the stemness property of cancer cells. According 

to (Patwardhan et al., 2021), the different behaviour of cancer cells on different matrices 

can be attributed to the secretion of exosomes. In this study, researchers showed that the 

addition of GW4869, an inhibitor of exosome sequestration, can reverse the stiffness-

mediated changes in cell shape, adhesion and lamellipodia production of cancer cells which 
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improves motility. The results of the TCGA study indicate that thrombospondin 1 is a 

potential regulator of exosome secretion, and knocking down thrombospondin 1 confirms 

that it uses FAK and MMP proteins to promote migration. CCM3 (Cerebral cavernous 

malformations 3) discovered by (S. Wang et al., 2021) can also govern stiffness-oriented 

alterations via YAP/TAZ signalling, in addition to thrombospondin. Mechanotransduction 

is primarily driven by focal adhesion kinase binding to paxillin to fine-tune the 

FAK/Src/paxillin pathway, which activates YAP/TAZ. The study found that CCM3 can 

bind to paxillin competitively in place of FAK, which is why knocking down CCM3 in a 

mouse model resulted in failed tissue remodelling and matrix alterations that reversed the 

YAP/TAZ signalling and led to metastasis. RICH1, a RhoGTPase-activating protein 17, 

also activates kinases that inhibit YAP /TAZ translocation by dislodging the Amot-p80 

member of the Merlin complex. The poor prognosis of cancer and high migration and 

proliferation of triple-negative breast cancer is inversely related to RICH1 expression (Tian 

et al., 2022). 

Furthermore, more investigation has shown that topographic change can influence the 

receptivity of cancer cells to chemotherapy agents. When cancer cells SKOV3 and 

OVCAR-5 were seeded on a convex bio imprint coated in polystyrene as opposed to a flat 

surface, they were less responsive to the chemotherapy drug carboplatin. Similar to 

carboplatin alone, rho inhibition eliminated the chemo-response disparity across 

substrates but intriguingly made it proliferate rather than reduce metabolic activity (Sarwar 

et al., 2020). It is also known that WASP family member WAVE3 promotes migration by 

controlling actomyosin contraction. In general, drugs like doxorubicin, paclitaxel, and 

cisplatin influence the phosphorylation status of WAVE3 (W. Wang et al., 2022). When 

administered to MDA-MB-231 and 4T1, in vitro and in vivo growth, invasion, and 

metastasis are inhibited in 2D as well as 3D, respectively. However, the function of 

WAVE3 can be restored if the phosphorylated version of WAVE3 is re-expressed, 

indicating that the presence of WAVE3 without phosphorylation is insufficient. The 

cisplatin-resistant MDA-MB-231 demonstrated increased expression of pWAVE3 and β-

catenin, as well as an increase in survival to 80%, indicating that WAVE3 modulates wnt-

β-catenin signalling. Sphingolipid biosynthesis, which maintains cell activity, produces 

ceramide synthase 6. CERS6 (Chen et al., 2022) is linked to ovarian, stomach, and lung 

cancer. It may be involved in breast cancer, particularly lymph node-metastatic breast 

cancer. CERS6 overexpression in MDA-MB-468 and BT-549 causes doxorubicin, 
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cisplatin, paclitaxel, and 5-fluorouracil chemoresistance without affecting cell migration or 

proliferation. CERS6 inhibits active RHOA, pMYTP1, MLC, and EGFR/mTOR pathway 

components, suppressing TNBC. Possible effects of dexamethasone on cell migration and 

cytoskeleton were attributed to the AKT/mTOR/RHOA pathway. The growth of T47D 

cells was successfully suppressed by dexamethasone, whereas the drug did not eradicate 

the cells. In the treatment of advanced breast cancer, dexamethasone and glucocorticoids 

have shown encouraging results (Meng & Yue, 2015). Additionally, miR124a and miR373 

are chemo-sensitive. One study discovered that following neoadjuvant chemotherapy, HR+ 

breast cancer patients had higher expression of miR124a and lower expression of miR373 

(Ryspayeva et al., 2022). 

Much research in recent years has looked into RHOA-ROCK and its possible connection 

to the onset and spread of breast cancer. Although these studies have provided useful 

information, they do have significant restrictions that should be taken into account.  Due to 

a lack of diversity, many studies have only looked at one subset of breast cancer, such as 

triple-negative breast cancer, which may not be representative of the disease. However, the 

complexity of actual malignancies may not have been adequately represented in these 

studies because researchers have mostly used the cell line model.  Studies have revealed 

possible therapeutic targets related to RHOA-ROCK signalling in breast cancer; however, 

there is a lack of clinical data to support their efficacy in human patients. Correlational 

studies have shown a link between RHOA-ROCK signalling and breast cancer progression, 

but establishing a fundamental relationship is difficult due to the complex and 

multifactorial nature of cancer development and progression. 

1.6 Wnt Signalling 

Wingless-Int-1 is abbreviated as "Wnt" both "Int1" and "Wingless" stand for the same 

thing. All metazoans, embryonic and adult, produce and secrete Wnts, which are Cys-rich 

glycol-lipoproteins. 19 human genes code for Wnts, and they all communicate with each 

other to trigger intracellular signalling cascades (De Boer et al., 2004). Wnt signalling 

pathways utilize both paracrine and autocrine mechanisms. The transition from fruit flies 

to humans has been fairly smooth (Klaus & Birchmeier, 2008) Wnt1, Wnt3, and Wnt7a are 

among the strongest WNTs in terms of transformation. Wnt2, Wnt4, Wnt5a, Wnt5b, Wnt6, 

and Wnt11, on the other hand, are not. Frizzled proteins, also known as PDZ receptors, are 

involved in both the canonical and non-canonical modes of signal transduction. The Wnt 
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signalling system affects cell motility, cell polarization, and cell fate determination, in 

addition to its role in organogenesis and brain development (Schinner, 2009). Cancer is 

associated with the disruption of the 42 Wnt signalling pathway. Figure 1.12 depicts the 

hallmark of cancer associated with Wnt signalling dysregulation.  

1.6.1 Wnt signalling targets 

The Wnt signalling pathway also has two types of effects: canonical and non-canonical 

(planar cell polarity and calcium pathway) (Huelsken & Behrens, 2002). When the 

signalling pathway is activated, the Wnt ligand binds to the Frizzled receptor (a G-coupled 

receptor) along with other proteins such as  low-density lipoprotein receptor-related protein 

5/6 (LRP5/6), receptor tyrosine kinase RTK and receptor tyrosine kinase-like orphan 

receptor 2 ROR2 (Zhou et al., 2014). From there, the signal is relayed to Dsh, which can 

then lead to one of three pathways. Stable β-catenin is translocated to the nucleus by the 

canonical pathway, where it activates T-cell factor/lymphoid enhancer factor TCF/LEF, 

which would otherwise be destroyed by the destruction box (Axin, APC, 

Protein phosphatase 2  (PP2A), GSK3, and CK1)(Ghosh et al., 2019). The activated Dsh 

forms a complex with DAAM1 in the non-canonical (Akoumianakis et al., 2022) planar 

cell polarity, which activates the RHO pathway (reconstruction of the cytoskeleton) (Figure 

1.13). The Fz receptor is directly associated with the G protein and Dsh in the non-canonical 

calcium pathway. The activated complex then phosphorylates PLC, IP3 and PKG, to 

control cell adhesion and migration  (Duchartre et al., 2016). Two molecules, referred to 

respectively as Small Frizzled-Related Protein (sFRP) and Dickkopf (Dkk) kinase, can 

regulate Wnt signalling. When sFRP molecules bind to Wnt ligands, canonical signalling 

is activated; however, when Dkk molecules bind to the subunits of the Wnt receptor, this 

activation is prevented. Compared to the huge sFRP family (which includes sFRP, WIF1, 

and Cerberus), the dynein light chain family lacking kinesin (Dkk) is quite small (Dkk1 to 

Dkk4). By analyzing the expression pattern of endogenous Wnt antagonists, the authors 

can infer the presence of a Wnt feedback loop during the process of osteoblast formation 

in mice (S. Thomas & Jaganathan, 2022). In addition to cancer, the dysregulation of Wnt 

signalling can induce some other disorders, such as loss of trabecular bone caused by LRP6 

mutations in adult osteoblasts, whereas low bone mineral density is associated with LRP5 

mutations (heterozygous mice with LRP5 and LRP6 receptor mutations exhibit limb 

deformities (Riddle et al., 2013) However, a mutation in the coding sequence of LRP5 
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causes gain of function and resistance to inhibition by Dickkopf 1 (Dkk1), resulting in 

increased bone density (Ai et al., 2005). Reduction of Wnt expression after conditional 

deletion of Wls (wntless) was found to negatively affect osteoblast growth and 

mineralization (Regard et al., 2012).  

1.6.2 Wnt in breast cancer 

Defective Wnt signalling is associated with a variety of cancers, including breast cancer. 

Blocking Wnt causes breast cancer cells to become less aggressive and develop more 

slowly. Malignant mammary gland neoplasms arise in mice with mutations in the Wnt 

signalling system (Howe & Brown, 2004). Slug, a key regulator of the epithelial-

mesenchymal transition (EMT) system was discovered to be regulated by the canonical 

Wnt/GSK3/β-Trcp1 axis. Early-onset basal-like breast cancer is characterized by high 

levels of Slug and low expression of the tumour suppressor gene breast cancer 1, and recent 

research suggests that Wnt signalling may play a role in its development (BRCA1). Slug 

directly suppresses BRCA1 expression by activating the chromatin demethylase LSD1 by 

interacting with an E-box motif in the BRCA1 promoter. These results suggest that Slug, 

EMT, and BRCA1 expression are regulated by canonical Wnt signalling (Wu et al., 2012). 

The small drug CWP232228 decreased the viability and proliferation of BCSCs generated 

from both primary and metastatic breast cancer cell lines. BCSCs exhibited decreased 

expression of Wnt/β-catenin target genes, decreased nuclear localization of β-catenin, and 

increased apoptosis in response to the inhibitory effects of CWP232228. Notably, 

CWP232228 inhibited the growth of BCSCs more effectively than non-BCSCs, showing 

its preference for targeting BCSCs (Jang et al., 2015). 
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Figure 1.12: Wnt signalling in cancer. The image depicted an essential characteristic of cancer governed 

by Wnt signalling. The binding of Wnt to its receptor prevents the degradation of β-catenin, stabilises its 

translocation to the nucleus, and regulates multiple functions that promote malignancy. Apoptosis-resistant 

cells evade programmed cell death, an essential step for maintaining a healthy ratio of healthy to unhealthy 

cells. Invasion and metastasis, which encourage cancer cells to invade adjacent tissue and colonise new sites, 

are a second characteristic. The combination of replicative immortality and unbridled proliferation 

encourages unrestricted cell division. For cancerous cells to develop unrestrictedly, new blood vessels are 

required to supply them with nutrients continuously. Escaping antigrowth signals and immune invasion 

contribute to the progression of cancer's growth. Nonetheless, genetic instability is the greatest threat to 

cancer development, as irreversible genetic alterations and unstable DNA content continuously produce 

mutated or malignant cells (Zhong et al.,2020). 

 

One of the research suggests that c-Myb may enhance the invasion and metastasis of breast 

cancer via the Wnt/β-catenin signalling pathway. c-Myb boosted Wnt/β-catenin signalling 

mechanistically by elevating the expression of β-catenin and its downstream target genes, 

including Axin2. In consequence, Axin2 downregulation contributed to the activation of 

the Wnt/β-catenin pathway and improved the invasion and metastasis of breast cancer cells 

(Yihao Li et al., 2016). 
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Figure 1.13: Wnt signalling pathway. The binding of a Wnt ligand to a receptor complex on the cell surface 

starts a sequence of intracellular signalling events that make up the Wnt signalling pathway.  The canonical 

pathway and the non-canonical pathway are the two primary branches of the Wnt pathway. The canonical 

Wnt pathway also called the β-catenin pathway, activates β-catenin and subsequently controls the expression 

of several genes, including ABCG2, MMP7, cMyc, CCND1, BRCA1, LEF1, and many more, promoting 

survival, differentiation, proliferation, and EMT. Again, two mechanisms control the non-canonical Wnt 

pathway: Rho/Rac1/cdc42, which activate ROCK and JNK, and control cell polarity and actin-cytoskeleton 

remodelling. The other approach is calcium-dependent planar cell polarity, in which signals are transferred 

by IP3 and then processed by calcin, CamKII, and PKC.  The signals from calcin are transmitted via NLK 

and CamKII, and PKC transmits via NFAT.  The activated NFAT regulates downstream transcription factors 

which regulate myogenesis, cardiogenesis and gastrulation (Haseeb et al., 2019). 

 

Several studies have shown that SPATS1(Spermatogenesis associated serine-rich 1) 

regulates gene transcription by blocking the traditional Wnt signalling pathway (Zhan et 

al., 2017). Some believe that the role of FSTL1 in regulating cellular signalling networks 

is one way it contributes to disease. This finding supports the idea that FSTL1 is required 

for CDDP (cis-diamminedichloroplatinum(II)) and doxorubicin chemoresistance in breast 

cancer cell lines. FSTL1 enhances Wnt/β-catenin signalling via integrin 3 in top/flip-out 

during colony formation and tumour sphere assays. Using luciferase studies to screen for 

additional microRNAs, it was discovered that miR-137 inhibits both mRNA and protein 

expression of FSTL1. The miR-137/FSTL1/integrin/3/5/Wnt/β-catenin axis regulates stem 

cell formation and chemoresistance in breast cancer (Cheng et al., 2019). Recent research 
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reveals that breast cancer spread can be facilitated by a kind of inflammation triggered by 

the loss of the tumour suppressor gene p53. According to the results, chronic neutrophilic 

inflammation is triggered when p53 is depleted because cancer cells release more of IL-1β. 

The inflammatory response facilitates the metastasis of cancer cells to other organs 

(Wellenstein et al., 2019). Due to its occurrence in human cancers, the Wnt/β-catenin 

signalling system has been the focus of many potential cancer treatment discoveries (Jung 

& Park, 2020).  

In breast cancer, crosstalk has been documented between the Wnt pathway and other 

signalling pathways, such as the estrogen receptor (ER) and Her2 pathways. For instance, 

estrogen can activate the Wnt pathway by inducing the production of Wnt ligands and 

receptors. By decreasing GSK-3, a negative regulator of the Wnt pathway, Her2 signalling 

can also activate the Wnt pathway. Targeting the Wnt pathway is a potential therapeutic 

method for the treatment of breast cancer. Multiple Wnt inhibitors have been produced and 

are now being assessed in preclinical and clinical trials. These include small chemicals that 

target the Wnt pathway, antibodies that inhibit Wnt ligands or receptors, and naturally 

occurring substances that regulate the Wnt system. To completely comprehend the 

complicated role of Wnt signalling in breast cancer and to create successfully targeted 

therapeutics, additional study is required. 

1.7 Cross-talk between BMP4, RHOA and WNT signalling 

Bone morphogenetic proteins (BMPs), RHO family GTPases, Rho-associated protein 

kinases (ROCKs), and Wnt signalling pathways are all essential regulators of several 

cellular processes, such as cell proliferation, differentiation, migration, and apoptosis. The 

dysregulation of these pathways has been linked to the genesis and progression of numerous 

cancer types. Both embryonic and adult cell development are affected by BMP and Wnt 

signalling pathways. The discovery of common signalling pathways has allowed 

researchers to map the interconnected gene networks in humans, frogs, zebrafish, and fruit 

flies. Recent research has shown that BMP signalling pathways are associated with both 

apoptosis and proliferation. The link between mitogen-activated protein (BMP) and the 

Wnt signalling pathway was discovered by (Huang et al., 2004) through mutations in 

mammalian cells.  

To comprehend the overall process of cancer advancement, several studies were conducted 

to determine the intricate relationship between distinct signalling pathways. In 
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gastrointestinal (GI) epithelial cells, epithelial Hedgehog promotes WNT2B and BMP4, 

whereas mesenchymal BMP creates IHH. An increase in SHH and WNT2B expression is 

associated with NF-κB and inflammatory bowel disease (IBD). Overexpression of WNT2B 

has deleterious effects on embryonic development, normal tissue function, and 

tumourigenesis (Masuko Katoh & Katoh, 2009). In the same context, another research was 

done which said that WNT and FGF cross-talk increases β-catenin and nuclear factor of 

activated T cells (NFAT). The transcription factors SFRP1, JAG2, and FOXL1 become 

activated in response to hedgehog signals. The WNT-FGF-Notch and BMP-Hedgehog 

signalling pathways must be properly controlled to preserve stem and progenitor cell 

homeostasis (Masaru Katoh, 2007).  

A similar study concluded that osteolytic cancer cells produce Gli2-dependent PTHrP from 

TGF-β signalling. Oncogenic tumour cells that damage bone express Gli2 via Wnt 

signalling. Overexpression of β-catenin/TCF4 or LiCl increased Gli2 and PTHRP in 

osteolytic cancer cells. Therefore, treatments that target TGF-β are being developed to 

disrupt Wnt signalling and thereby reduce cancer cell vulnerability to the bone 

microenvironment (Turner et al., 2014). The expression of SMAD4, p53, and β-catenin 

was examined in CRC invasive fronts. To a high extent, β-catenin is present in CRCs 

lacking SMAD4 and/or in which p53 is aberrant (84%). BMP suppresses Wnt signalling in 

Colorectal cancer when p53 and SMAD4 are functional. Activation of Wnt signalling by 

BMP is possible when SMAD4 is absent. The effect of BMP on Wnt requires the presence 

of p53 (Voorneveld et al., 2015).  

FPPS is an enzyme that makes isoprenoids, which are lipid molecules that are needed for 

signalling and the formation of cell membranes. The study discovered that TGF-1 caused 

NSCLC cells to make more FPPS and that if FPPS was turned off, TGF-1's ability to cause 

invasion and EMT was stopped. The study also demonstrated that TGF-1 turned on the 

RHOA/Rock1 signalling pathway, which was needed for invasion and EMT caused by 

TGF-1. When FPPS was taken away, TGF-1's effect on the RHOA/Rock1 pathway was 

stopped. This suggests that FPPS controls invasion and EMT caused by TGF-1 through the 

RHOA/Rock1 pathway (Parrotta et al., 2021). The study discovered that the WNT pathway 

dynamics were transient in the absence of TGF-β signalling, implying that the route was 

only engaged briefly during the early phases of differentiation. However, there was a 

synergy between the TGF-β and WNT pathways when TGF-β signalling was present, 

which resulted in long-lasting WNT pathway activation. The maintenance of the 
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pluripotent state and the inhibition of differentiation were the outcomes of this long-term 

stimulation of the WNT pathway (Massey et al., 2019).  

Ganoderal A, a naturally occurring substance derived from the medicinal mushroom 

Ganoderma lucidum, promoted the differentiation of human amniotic mesenchymal cells 

into osteoblasts by increasing bone-specific markers such as alkaline phosphatase, 

osteocalcin, osteopontin, and runt-related transcription factor 2. More research indicates 

that ganoderal A can stimulate both Wnt and BMP signalling, hence speeding osteogenesis, 

demonstrating cross-talk between the Wnt and BMP pathways (Wang et al., 2020).  

However, colorectal cancer is not triggered by RHOA activation. Over-activation of Wnt/β-

catenin by RHOA inactivation promotes colorectal cancer progression and metastasis. 

Similar to what is seen in mouse intestinal carcinogenesis, inactivating RHOA in human 

colon cancer cells enhances Wnt/β-catenin signalling and leads to increased proliferation, 

invasion, and de-differentiation. By enhancing Wnt/β-catenin signalling, RHOA 

suppresses the progression of colorectal cancer (Rodrigues et al., 2014a). Studies have 

shown that the activation and nuclearization of RHOA can represent the loss of the 

chondrocyte phenotype through its interaction with the Wnt signalling pathway. Blocking 

RHOA signalling causes the expression of 2D surface chondrogenic markers and reduces 

Wnt signalling. Wnt signalling activation results in the production of 2D chondrogenic 

markers, demonstrating the context dependence of RHOA's activity (Öztürk et al., 2017). 

The study found that the dysregulation of the Wnt signalling pathway in iPSC-derived 

Arrhythmogenic right ventricular cardiomyopathy was associated with the activation of the 

Rho signalling pathway. Specifically, the study showed that the overexpression of the Wnt 

signalling pathway led to the activation of RHOA, which in turn caused a decrease in the 

levels of Connexin-43 (Cx43), a protein responsible for maintaining the electrical coupling 

between cardiomyocytes (Parrotta et al., 2021).  

According to new research, statin use may reduce the occurrence of colon cancer by 50% 

and increase patient lifetime through unidentified processes. In APCmin mice, lovastatin 

treatment improved colon cancer, spleen enlargement, and peripheral anaemia. Researchers 

discovered that lovastatin suppressed Wnt/β-catenin and YAP/TAZ signalling in colonic 

mass tissues using RT-PCR. Transcriptomic analysis revealed that lovastatin influenced 

cell growth pathways in RKO. When lovastatin is injected into RKO cells, it prevents β-

catenin, TAZ, and p-LATS1 from acting. Lovastatin inhibited RHOA activity, which 
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reduced Wnt/β-catenin and Wnt-YAP/TAZ signalling in colon cancer cells. Colorectal 

cancer treatment options may include the use of statins, which have been shown to inhibit 

tumour growth. These findings support the idea that statins have applications beyond 

cardiovascular disease and suggest new approaches to the cancer problem (Yi Xiao et al., 

2022).  

Wnt plays a function in cancer initiation and progression, although its relevance in stem 

cell biology is uncertain. In recent years, however, research has led to a greater 

understanding of the receptors involved in tumour growth, allowing the development of 

drugs that target this system directly. The Wnt pathway is important in cancer biology and 

drug resistance (Shaw et al., 2019).  

Recent research indicates that the BMP, RHO-ROCK, and Wnt signalling pathways 

interact extensively in cancer. This crosstalk is regulated by multiple molecular processes, 

such as protein-protein interactions, transcriptional control, and post-translational changes. 

BMP signalling inhibits Wnt signalling by promoting the production of the Wnt antagonists 

secreted frizzled-related proteins (sFRPs) and Dickkopf-1 (DKK-1). Additionally, BMP 

signalling can stimulate RHOA, which in turn promotes RHO-ROCK signalling, resulting 

in enhanced cell motility and invasion. By stimulating the production of BMP ligands and 

antagonists, Wnt signalling can control BMP signalling. Wnt signalling can also stimulate 

RHO-ROCK signalling by elevating the expression of RHO GTPases and ROCKs, 

resulting in enhanced cell motility and invasion. In addition to activating Wnt signalling, 

RHO-ROCK signalling increases the expression of Wnt ligands and receptors. Overall, the 

cross-talk between the BMP, RHO-ROCK, and Wnt signalling pathways plays a significant 

role in the formation and progression of cancer. Targeting these pathways singly or in 

combination may provide a potential therapeutic strategy for the treatment of numerous 

cancer types. 

1.8 Cancer treatments and limitations 

Breast cancer treatment options range from surgery and radiation to chemotherapy and 

targeted therapies; choosing the right one for each patient depends on factors including 

their general health and the disease's stage of progression. While these treatments have 

greatly improved the prognosis for patients whose cancer has not spread to other parts of 

the body, metastatic cancer remains a major health risk. To fully comprehend and control 

the spread of metastatic cancer, extensive research into various aspects of the disease is still 
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necessary. Although research has improved medical science's efforts to treat cancer, there 

are still several restrictions that lower cancer therapy success rates. Here are a few examples 

of this limitation: Chemoresistance has been the most problematic issue in cancer treatment. 

The majority of individuals acquire resistance to the available chemotherapy drugs. The 

side effects of chemotherapy medications, such as decreased immunity, nausea, hair loss, 

and exhaustion, are also cause for concern. People are unable to afford combined chemo, 

surgery, and radiation therapy sessions. Cancer patients are not the only ones who 

experience worry, stress, and sadness; their loved ones are also affected. Furthermore, the 

majority of women were unaware they had breast cancer until it had progressed to other 

regions of their bodies, which could be owing to a lack of general knowledge or a limited 

screening system or facility in their area. Due to these constraints, we were obligated to 

examine the underlying core biology of breast cancer to discover an effective therapeutic 

target to combat cancer and improve patient outcomes.  
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Aim and Objectives 

2.1 Aim  

Several signalling pathways contribute to cancer development and metastasis. Although 

several studies have been done to identify the signalling pathways important for cancer 

metastasis, effective treatment strategies are still not available. Recent shreds of evidence 

have found a role for BMP signalling in regulating several stages of cancer progression, 

such as proliferation, survival, metastasis and chemoresistance. Studies have shown that 

BMP signalling plays a context-dependent role in breast cancer progression and metastasis. 

BMP signalling has been implicated in the progression of other cancer types; for example, 

BMP2 inhibits pancreatic cancer but promotes breast cancer. On the contrary, BMP7 

inhibits breast cancer but promotes pancreatic cancer, and BMP6 promotes renal cancer 

and inhibits breast cancer. The context-dependent behaviour of BMP molecules has made 

it difficult to utilize or target BMP signalling for therapeutic purposes.  

The purpose of our study is to understand the various mechanisms through which BMP 

signalling controls the progression of different breast cancer sub-types. The study also aims 

to understand whether there is a stage-specific role for BMP signalling in controlling breast 

cancer proliferation, metastasis and chemoresistance. In addition, the study also focused on 

understanding the role of the RHO-ROCK signalling pathway in regulating breast cancer 

progression. RHO-ROCK signalling modulates motility and invasion by modifying the 

actin cytoskeleton. Abundant proteins, such as BNIP-2, Net1, NRF2, RhoGAPs 

(ARHGAP10, ARHGAP18), BAG6, Tiam1, and many others, have been studied for their 

ability to inhibit cell growth and migration. These proteins primarily affect the function of 

PAK, ROCK, and MRCK, which modifies the downstream signalling. In this study, in 

addition to inhibiting ROCK, the GTPase RHOA was silenced and its effect on breast 

cancer cells was analysed. RHO-ROCK signalling pathway is activated by a variety of 

growth factors, but it is also regulated by a non-canonical Wnt signalling pathway.  

Recent research has made Wnt an immensely popular subject signalling pathway in the 

quest of curing osteolysis. 
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Blocking Wnt signalling through the BMP, Rho-ROCK, Notch, and FGF-regulated 

pathways appeared to be successful in the case of breast cancer. It is unclear, though, 

whether the process only involves forward signalling or if there is also some reverse or 

feedback signalling that inhibits cancer. Therefore, in the current study, the role of BMP, 

Rho-ROCK, and Wnt signalling was studied as a means of combinatorial therapy for 

combating metastatic breast cancer.  

2.2 Objectives 

Given the high incidence and mortality rate associated with breast cancer, the current 

study aimed to investigate the role of BMP, RHOA, and Wnt signalling in cancer 

metastasis at each stage of the disease. 

1. Screening of BMP4, RHOA and Wnt signalling components in breast cancer cells 

2. To study the role of BMP4 signalling in breast cancer proliferation, migration and 

chemoresistance. 

3. To investigate the role of RHOA and Wnt signalling in breast cancer proliferation 

and migration 

4. To understand the crosstalk between BMP4, RHOA and Wnt signalling pathways 

for developing a combinatorial therapeutic strategy. 
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Materials and Methods 

3.1 Cell culture 

3.1.1 Materials   

3.1.1.1 Chemicals and reagents 

1X Trypsin (0.25%) 

Diluted in ice-cold sterile 1X PBS at a ratio of 1:10 for working stock Aliquots were 

stored at -20℃ for long-term storage. 

Trypan blue (0.4%) 

0.4 g of trypan blue powder (dye composition 40%) was added to 100 ml of 1X 

PBS. Sterilized by filtration with a sterile filtration unit (0.22 μM) and stored at 4℃ 

for long-term storage. 

Crystal violet (0.5%) 

Crystal violet is prepared by dissolving in water with 25% methanol (v/v). 

Paraformaldehyde solution (4%)  

4 g of paraformaldehyde was added to 80 ml of 1X PBS and heated at 55 until it 

dissolved well. The pH was adjusted to 7.2-7.4 by dropwise addition of 5N-HCl 

with constant stirring. The volume was adjusted to 100 ml with 1X PBS, filtered 

with a 0.22µM filter and stored at -20°C for long-term storage. 

Formaldehyde solution (4%) 

37%-41% formaldehyde solution diluted in 1X PBS at a ratio of 1:10 as a working 

stock 

Noble agar (1%) 

1 g of noble agar was dissolved in 100 ml of 1X PBS, autoclaved for 15 minutes at 

15 lbs pressure (121℃) and stored at 4°C. 

Ponceau Stain  

A pinch of Ponceau powder was added to 10ml of ddH2O with 300µl of glacial 

acetic acid and the final volume was made up to 40ml. 

Propidium iodide solution  

1mg/ml of PI was dissolved in 1X PBS and stored at -20℃ in the dark. 

Triton-x-100 solution 0.1% (v/v) prepared in 1X PBS 

Tween® 20 for synthesis 0.1%(v/v) prepared in 1X TBS 
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Sure Cast Acrylamide: bis-acrylamide (29:1) solution 

SureCast TEMED (N, N, N’, N-tetramethylethylenediamine)  

SureCast APS (Ammonium persulfate) 

PEI (polycation polyethylenimine) 

Polybrene 

Puromycin (2 µg/ml) 

PowerUp™ SYBR™ Green Master Mix 

Bio-Rad ECL (Enhanced chemiluminescence) with peroxide reagent and 

luminol/enhancer reagent. 

MitoSOX™ Red mitochondrial superoxide indicator  

4’,6-diamidino-2-phenylindole (DAPI) solution (1mg/ml) 

Recombinant human BMP4 

LDN193189- dihydrochloride 

Y27632- dihydrochloride 

Doxorubicin hydrochloride  

collagen solution from calfskin  

Pure LinkTM RNA mini kit 

High-Capacity cDNA Reverse Transcription Kit 

3.1.1.2 Buffers 

  Phosphate-buffered saline (PBS) 

  80 g NaCl, 2 g KCl, 14.4 g Na2HPO4, and 2.4 g KH2PO4 were dissolved in 800 ml 

  autoclaved, deionized, distilled water to prepare 10X, 1 L PBS. The pH was adjusted 

to 7.2-7.4 by dropwise addition of 5N-NaOH with constant stirring. The volume was 

made up to 1000 ml and filtered with a 0.22µM filter and stored at room temperature. 

For the working concentration, the stock was diluted 1:10 with distilled water. 
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RBC lysis buffer  

2.005 g NH4Cl, 9.25 mg ethylenedinitrilotetraacetic acid disodium salt titriplex- III 

reagent and 0.21 g NaHCO3 dissolved in 200 ml autoclaved deionized distilled 

water. The pH was adjusted to 7.2-7.4 by dropwise addition of 5N-HCl with 

constant stirring. The volume was adjusted to 250 ml and filtered with a 0.22µM 

filter and stored at 4°C. 

RIPA buffer 

Add 25mM Tris-Cl (pH-7.4), 150mM NaCl, 1% Na-deoxycholate, 1%, NP -40, 

0.1% sodium dodecyl sulfate, 1mM-EDTA and a 1mM protease inhibitor in 

distilled water. 

5X SDS Loading Sample buffer  

Add Tris-Base 0.25M (pH 6.8), 20% SDS, 50% glycerol and a pinch of 

bromophenol blue to distilled water. Vortex, aliquot and store at 4°C. 

Note: Add β-mercaptoethanol (10% v/v) just before use. 

SureCast Resolving buffer (1.5M Tris base, pH 8.8) 

SureCast Stacking buffer (0.5M Tris-HCl, pH 6.8) 

Tris-Glycine SDS-Running buffer 

30 g Tris-Base and 144 g glycine were dissolved in 800 ml autoclaved, deionized, 

distilled water to make 10X, 1 L. The pH was adjusted to 8.3 and the volume was 

made up to 1000 ml. To the final solution, 1% SDS was added. 

Tris-Glycine-Transfer buffer  

30.2 g Tris base and 144 g glycine were dissolved in 800 ml autoclaved, deionized, 

distilled water and made up to 1 L to prepare 10X. 

Note: pH adjustment is not required. 20% methanol was added before the use 

Tris Buffered Saline buffer  

24 g of Tris base and NaCl-88 g were dissolved in 800 ml of autoclaved, deionized, 

distilled water to make up 10X, 1 L. The pH was adjusted to 7.6 and the volume 

was made up to 1000 ml. 

Note: 0.1% Tween-20 was added before the use. 

Tris-acetate EDTA buffer  

60.5 g of Tris base, 16.275 ml of glacial acetic acid and 25 ml of 0.5M EDTA were 

dissolved in 200 ml of deionized, distilled water and the volume was made up to 

250 ml to prepare 50X. 

Note: pH adjustment is not required 
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Staining buffer  

0.5% (w/v) bovine serum albumin in 1X PBS 

2% (v/v) FBS in 1X PBS 

Blocking buffer 

5% (w/v) Bovine Serum Albumin in 1X PBS 

Skim Milk Powder in 1X-TBST 

3.1.1.3 Antibodies 

 

Fluorescently conjugated antibodies 

(anti-human antibodies) 

Western blot Primary antibodies 

(anti-human antibodies) 

 CD44 (Cat #555478) 

 CD24(Cat #17-0247-42) 

 EpCAM (Cat #MA5-38715) 

 CD49b (Cat #555498) 

 CD49c (Cat #556025) 

 CD49e (Cat #555617) 

 CD49f (Cat #555736) 

 N-cadherin (Cat #561554) 

 pSMAD1/5/8 (Cat #BS-3418R) 

 pSMAD2/3 (Cat #PA5-36125) 

 pERK1/2 (Cat #612592) 

 E-cadherin (Cat #13-5700) 

 N-cadherin (Cat #MA5-15633) 

 β-catenin (Cat #500-8864) 

 pERK1/2 (Cat #MA5-15134) 

 pSMAD1/5/8 (Cat #BS-3418R) 

 BCL2 (Cat #13-8800) 

 BMP4 (Cat #MA5-15572) 

 BMPRIA (Cat #MA5-17036) 

 BMPRII (Cat #PA5-47949) 

 RHOA (Cat. # ARH04) 

 GAPDH (Cat #MA1-16757) 

 

Immunostaining antibodies 

Phalloidin-TRITC (Cat # R415), E-cadherin (Cat #13-5700), RHOA (Cat #ARH04), 

and β-catenin (Cat #500-8864). 

HRP-conjugated secondary antibodies 

Donkey-anti-rabbit (Cat # A-31573), Goat anti-mouse (Cat # 31430), Donkey-anti-

goat (Cat # A-21082). 

Note: Anti-RHOA antibody was obtained from Cytoskeleton (USA), while primary 

antibodies against anti-GAPDH, anti-E-cadherin, anti-N-cadherin, anti-phospho ERK1/2, 

anti-phospho SMAD1/5, anti-beta catenin, anti-BCL2, anti-BMP4, anti-BMPRIA, and 

anti-BMPRII were acquired from Invitrogen (ThermoFisher Scientific, India). Donkey 
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anti-goat, goat anti-rabbit, and goat anti-mouse HRP conjugated secondary antibodies were 

acquired from Invitrogen (ThermoFisher Scientific, India). BD Biosciences (India) 

supplied fluorescently conjugated antibodies targeting phospho-SMAD1/8, phospho-

SMAD2/3, CD44, CD49F, and KI67. Invitrogen supplied fluorescently conjugated anti-

CD24 and anti-EPCAM.  

3.1.1.4 Media 

DMEM- HG (Dulbecco's Modified Eagle Medium-High Glucose) 

Supplemented with 3.7g/L sodium bicarbonate, 100X penicillin/streptomycin and 

10% fetal bovine serum. Filtered with a 0.22µM filter and stored at 4°C.  

DMEM- LG (Dulbecco's Modified Eagle Medium-low Glucose)  

Supplemented with 3.7g/L sodium bicarbonate, 100X penicillin/streptomycin and 

10% fetal bovine serum. Filtered with a 0.22µM filter and stored at 4℃. 

RPMI 1640 (Roswell Park Memorial Institute) 

Supplemented with 2g/L sodium bicarbonate, 100X penicillin/streptomycin, 10% 

fetal bovine serum and 2mM L-glutamine. Filtered with a 0.22µM filter and stored 

at 4℃ 

McCoy's 5A Medium 

Supplemented with 2.2g/L sodium bicarbonate, 100X penicillin/streptomycin and 

10% fetal bovine serum. Filtered with a 0.22µM filter and stored at 4℃. 

HEK media 

DMEM- HG media supplemented with 100mM sodium pyruvate, 100X non-

essential amino acids and 2mM L-glutamine. Filtered with a 0.22µM filter and 

stored at 4℃. 

3.1.1.5 Cell lines 

ZR75.1 (ER+ PR- Her2-) 

MCF7 (ER+ PR+ Her2-) 

SKBR3 (ER- PR- Her2+)  

MDA-MB-231 (ER- PR- Her2-) 

Stromal Cells 
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3.1.2 Methods 

3.1.2.1 Maintenance of breast cancer cell lines 

Breast cancer cell lines ZR75.1, MCF7, SKBR3, and MDA-MB -231 were obtained from 

the National Center for Cell Science (NCCS) in Pune, India. MCF7 and MDA-MB -231 

were cultured in HG-DMEM, SKBR3 in McCoy's-5A, and ZR75.1 in RPMI media 

supplemented with 10% fetal bovine serum and 1X penicillin/streptomycin solution. 

The well-grown cells were aseptically transferred to the BSL2 chamber, and the medium 

from the cell culture dish was transferred to a Falcon tube. The plate was then rinsed with 

sterile 1X PBS, followed by the addition of 0.25% 1X trypsin-EDTA. After 3 to 4 minutes 

(incubation time varies depending on cell type), the dish was examined under a microscope 

to determine if any cells had detached. Harvested cells were collected and reseeded at the 

correct density. MDA-MB -231, MCF7, and ZR75.1 cells were sub-cultured every 3 to 4 

days at a ratio of 1:3, whereas SKBR3 cells were sub-cultured every 5 to 6 days at a ratio 

of 1:2. 

3.1.2.2 Cryopreservation and thawing of cancer cell lines 

Harvested cells were pelleted by centrifugation at 300g for 7 min at 4℃ before resuspension 

in FBS. The beforehand prepared 20% DMSO in FBS was added to the resuspended cells 

at a ratio of 1:1. The vials were placed directly in the cryocooler, where they were 

refrigerated for approximately 16 hours before being stored at -80℃ for long-term storage 

(6-8 months). 

The frozen vial was thawed by placing it in a 37℃ water bath for 10 to 15 seconds, or until 

half of the contents began to thaw. The vial was then aseptically transferred to BSL2 and 

the cells were shifted to a Falcon tube containing pre-warmed growth media. The cells were 

centrifuged at 300g for 5-7 minutes at 4℃ and the pellet was resuspended in fresh growth 

media. The cells were seeded into a cell culture dish and incubated for 18 to 24 hours until 

adherence. The next day, all medium was renewed and cells continued to grow until they 

reached 70-80% confluence. 

3.1.2.3 Adherent culture 

Cancer cell lines ZR75.1, SKBR3, MCF7 and MDA-MB-231 were seeded on tissue 

culture-treated plates. To ensure proper adhesion of the cells, the plates were incubated at 
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37℃ in a humidified incubator containing 5% CO2. The cells were treated with 

recombinant human BMP4 protein (10ng/ml), LDN193189 (1µM/ml), Y27632 (10µM/ml) 

and doxorubicin (5µM/ml) the next day and incubated for 48 hours. These treated cells 

were used for various experiments such as cell count analysis, live/dead population 

estimation, cell cycle/Ki67, phenotyping, MitoSOX staining, immunostaining, colony 

formation assay, wound healing assay (2D), gene expression analysis by RT-PCR, Western 

and flow cytometry. 

3.1.2.4 Non-adherent culture 

i. Under non-adherent conditions, cells were seeded together with the compounds on 

agar-coated wells for 48 hours. These cells were collected and the wells were rinsed 

with 1X PBS to ensure their thorough eradication. The collected cells were 

centrifuged at 300g for 7 minutes at 4℃ and then resuspended in the experimentally 

required buffer. Cell count analysis, live/dead population estimation, phenotyping, 

colony formation assay, and Western blot analysis of gene expression were 

performed. 

ii. In different situations with non-adherent conditions, cells were seeded on agar-

coated wells for an extended period to measure spheroid development, spheroid 

migration, and protein expression using the Western blot technique. 

3.1.2.5 Suspension culture 

For the suspension culture, cells were seeded in a Falcon tube and placed in an incubator 

at 37℃ and 100 RPM for 24 hrs. The cells were collected and processed for phenotyping, 

colony formation assay, and Western blot analysis. 

3.1.2.6 Coculture of breast cancer cells with Stromal cells 

The patient’s bone marrow sample was used to isolate stromal cells. The stromal cells were 

sub-cultured and seeded at a seed density of 5000 cells/cm2 in a flat bottom 96-well plate. 

Meanwhile, MDA-MB -231 and MCF7 were seeded at a seeding density of 500 cells/250 

µl on agar-coated wells along with BMP4, LDN193189, and Y27632 in 48 well plates. The 

breast cancer cells were incubated in non-adherent conditions for 48 hours and entire cells 

were removed from each well in a separate Eppendorf. The Eppendorf was centrifuged at 

300g for 5 minutes at 4℃ and the cell pellet was re-suspended in 0.4ml of the new medium. 

From this cell mixture, 100µl of cells were added to 4 different wells of previously seeded 
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stromal cells and incubated for 10 days to form colonies. The number of colonies was 

counted under the microscope. After the 10th day of co-culture, ALP staining was 

performed and pictures were taken. 

3.1.2.7 Cell count analysis 

Cell number determination was performed using the trypan blue exclusion method. 

Adherent cells were trypsinized whereas cells seeded in a non-adherent environment and 

suspension were taken directly. The cells were washed with 1X PBS by centrifuging at 

300g for 7 minutes at 4℃ and diluted with 0.4% trypan blue staining solution at a 1:1 ratio. 

The trypan blue-stained cells were placed between the hemocytometer (Neubauer chamber) 

and the glass coverslip. Since only the dead cells are stained with trypan blue, the dead cells 

appear blue and the live cells appear white. For the final cell count, the cell counts in four 

chambers (A, B, C, and D) were substituted into the following formula. 

 

 

 

The breast cancer cells were seeded at a specific seeding density. A cell count was 

performed for three consecutive passages to determine the length of time it takes for the 

cells to undergo two rounds of division. The final cell count that was acquired was entered 

into the formula that is provided below to calculate the amount of time that it takes for 

cancer cell lines to replicate. 

 

3.1.2.8 Live/dead analysis 

Propidium iodide staining was used to determine the proportion of live and dead cells 

within a given population. Propidium iodide stains only dead cells. In adherent culture, 

cells were seeded and treated after 24 hours of cell adhesion, whereas in non-adherent 

conditions, cells were seeded onto agar-coated (1% noble-agar) wells along with the 

compounds. Similarly, for shear stress assay, cells were seeded at a density of 2*10^5/ml 

TH-3254_156106045



Chapter 3   Materials and Methods 

63 
 

in a Falcon tube and placed in an incubator at 37℃ and 100 RPM for 24 hours. Adherent 

culture cells were trypsinized and collected in RIA vials, whereas cells seeded on agar-

coated wells and in suspension for shear stress were taken directly and collected in a tube. 

Cells were pelleted and washed with 1X PBS by centrifugation at 300g for 7 minutes at 

4℃. Cells were resuspended in 2% FBS-PBS solution, and then 2µg/ml propidium iodide 

was added. The tubes were vortexed for 15-20 seconds to mix thoroughly and incubated in 

the dark for 15 minutes. Cells were examined using a BD FACSCalibur and changes in 

fluorescence shifts were measured. The percentage was first estimated by gating the 

population in the forward and side scatter channels. Then, the gated population was 

displayed in the forward side scatter channels and PI to calculate the percentage of live and 

dead cells. 

3.1.2.9 Cell cycle/Ki67 analysis 

Trypsinized cells were washed with 1X PBS by centrifugation at 300g for 7 min at 4℃. 

The cell pellet was fixed by dropwise addition of 1 ml of 70% ice-cold ethanol under 

constant vortexing at 1500 rpm. After overnight incubation at -20℃, the cells were washed 

with 1X PBS at a ratio of 1:9 (1 ml of cell mixture and 9 ml of 1X PBS) and centrifuged at 

300g for 10 minutes at 4℃ to remove the ethanol. After washing with PBS, the cell pellet 

was resuspended in 100µl of 2%- FBS-PBS and the anti-Ki67 antibody was added. The 

tubes were vortexed for 30 seconds to ensure thorough mixing before incubation in the dark 

at room temperature for one hour. To reduce nonspecific binding, cells were washed with 

1X PBS and incubated in RNase solution (100µg RNase-H in 1ml 1X PBS) for 30 minutes 

at 37℃ in a water bath. Cells were washed with 1X PBS and propidium iodide solution 

(50µg/ml) was added. After incubation for 15 minutes in the dark, cells were analysed by 

flow cytometry. The gated population of forward and side scatter were plotted in the PEA 

against PEW channels to obtain a singlet population, and a histogram was generated for the 

PEA channel to obtain the percentage of the population in the G1/S/G2 phase. To determine 

Ki67 negative populations, the gated population of forward and side scatter was plotted in 

the FITC against the PI channel. 

3.1.2.10 Colony formation assay 

To measure the ability of a single cell to form a colony of at least 50 cells by unrestricted 

cell division, in adherent culture, MDA-MB -231 and MCF -7 were seeded at 100 

cells/well, whereas SKBR3 and ZR75.1 were seeded at 500 cells/well in a tissue culture-
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treated 6-well plate. In non-adherent cultures, MDA-MB -231 and MCF -7 were seeded at 

500 cells/well, while SKBR3 and ZR75.1 were seeded at 2000 cells/well for 48 hours on 

agar-coated wells along with compounds. Similarly, for suspension colony assay 10,000 

cells/ml were seeded in a Falcon tube at 37℃ for 24 hours with 100 RPM along with 

compounds. After incubation, non-adherent cells and suspension cells were collected and 

transferred to tissue-culture plates to form colonies. 

To study the effects of pre-treatment, the medium was replaced with a fresh medium after 

48 hours of incubation with the compounds. To study the effects of continuous treatment, 

cells were maintained in the media containing compounds until colonies were formed. 

MDA-MB -cell lines 231 and MCF -7 were incubated for 14 days, while SKBR3 and 

ZR75.1 were incubated for 21 days to form colonies. Colony plates were placed on ice and 

the medium was discarded. The plates were carefully rinsed with ice-cold 1X PBS and 

fixed on ice with 100% ice-cold methanol for 10 min. Crystal violet solution (0.5% crystal 

violet in 25% methanol) was added to the colony plates and incubated at room temperature 

for 2-3 hours or overnight at 4℃ to allow the crystal violet dye to bind to the colonies. 

Colonies were counted and imaged using a microscope. Fiji software was used to calculate 

the colony area. 

3.1.2.11 Spheroid formation assay 

To mimic the 3D model of an in vivo culture, a test for spheroid formation was performed. 

For this purpose, the 96-well plate with U-bottom was coated with sterile 1% noble agar 

prepared in 1X PBS. The well-grown cell culture dish was trypsinized and the required 

number of cells was taken separately and placed in growth media. In advance, a medium 

containing rhBMP4, LDN193189, Y27632, and doxorubicin was prepared by reserving 2-

fold of the desired concentration. Cells were seeded at a density of 2500 cells per 150 µl of 

medium and then another 150 µl of medium containing the compounds was added. The 

plates were centrifuged at 200g for 20 min at room temperature and kept in a CO2 incubator 

at 37℃. Images were taken at four-day intervals to determine the effect of the compounds 

on spheroid formation and growth. Fiji software was used to calculate the area of the 

spheroid. 

3.1.2.12 Phenotyping 

Flow cytometry was used to study cell surface markers. The cells were processed as 

mentioned in the 3.14.5 section. The cell pellet was re-suspended in 2% FBS-PBS and 
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fluorescently labelled antibodies (CD44, CD24, EpCAM, CD49b, CD49c, CD49e, and 

CD49f) were added. Tubes were vortexed for 15 to 20 seconds before incubation on ice in 

the dark for 30 minutes. To avoid nonspecific signals, cells were washed with 1X PBS and 

propidium iodide (2 µg/ml) was added to distinguish between live and dead populations. 

Based on the excitation of the fluorescently conjugated antibodies, flow cytometric analysis 

was performed by gating populations from PI against forward-side scatter channels into the 

designated fluorophore channels.  

3.1.2.13 Immunostaining 

To observe the alignment and localization of the intracellular protein, cells were seeded on 

glass coverslips and treated with the compounds for 48 hours. The coverslip containing the 

cells was rinsed twice with 1X PBS and fixed with 4% paraformaldehyde (prepared in 1X 

PBS) by incubation at room temperature for 20 minutes. After washing, 0.05% Triton-X-

100 (prepared in 1X PBS) solution was added to the coverslips to make the cell membrane 

permeable. Cells were washed and blocked with 5% bovine serum albumin or 2% FBS-

PBS for one hour at room temperature or overnight at 4℃ to avoid non-specific binding. 

Then, the primary antibody prepared in 2% FBS-PBS was added and incubated overnight 

at 4℃. To eliminate unbound primary antibodies, five 5-minute washes with 2% FBS-PBS 

were performed. The secondary antibody was then added and incubated overnight at 4℃. 

To detect the location of the nucleus, DAPI (1:2000) was added from a stock of 1 mg/ml 

after washing the cells with 2% FBS-PBS. The coverslips were placed on a glass slide along 

with a fluorescent mounting medium from Dakocytomation and dried for 24 hours. Images 

were then taken using a fluorescence microscope. 

3.1.2.14 Migration assays  

i. 2D migration assay 

To understand the effect of the compounds on the migration potential of breast 

cancer cells, MDA-MB -231 was seeded at a seeding density of 20,000 cells/cm2, 

MCF -7 at 30,000 cells/cm2, and SKBR3 at 40,000 cells/cm2 and allowed to adhere 

for 24 hours. Once the cells reached 85-90% confluence, a 24-hour serum starvation 

was performed to inhibit the proliferation potential of the cells. A scratch was then 

created using a 200µl tip. The dead cells and debris were removed by washing the 

cells with 1X PBS. To test the effect of BMP4 protein, LDN193189 and Y27632 

on migration, medium enriched with 2%-FBS was added along with the compounds 
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after creating a wound or scratch. Microscopic images of the scratched area were 

taken at regular intervals, maintaining the same reference point to estimate cell 

migration. T-Scratch software was used to calculate the area closed by the migrating 

cells and the formula below was used to calculate the migration rate of the cells in 

µm/hours. 

 

 

 

The T-scratch software was used to measure the initial and final areas, and the 

image length and width are shown in pixels. The magnification value (5X) was 1.25, 

and since the cells migrate in both directions, the value for the front was set to 2. 

The time intervals were usually specified as 4 hours. 

ii. 3D migration assay 

First, spheroids were synthesized by seeding cells at a density of 2500 cells/well in 

U-bottom plates coated with noble agar. To generate proper spheroids, the plates 

were centrifuged at 200 g for 20 min at room temperature and incubated in a CO2 

incubator at 37℃ for 5 days. Meanwhile, 96-well flat bottom tissue culture plates 

were coated with collagen (50µg/ml) prepared in 0.02N acetic acid and incubated 

for 2 hours at room temperature in a biosafety level 2. After the removal of the 

collagen solution, the wells were rinsed once with 1X PBS. Blocking was 

performed for one hour with 1% BSA prepared in 1X PBS at room temperature. 

After washing the plates with 1X PBS, 100 µl of 1X PBS was added to prevent 

drying before use. Once spheroids were formed, they were transferred to coated 96 

flat bottom plates using a micropipette. The medium containing BMP4 (10ng/ml), 

LDN (1µM) and Y27632 (10µM/ml) was added slowly from the side of the wells 

to prevent displacement. The plates were left in the incubator for 30 minutes to 

allow spheroids to adhere. Images were then taken at 6-hour intervals to track the 

invasion of migrating cells derived from the spheroids through the collagen matrix. 

Fiji software was used to quantify the area covered by the cells. 
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3.1.2.15 Gene expression analysis 

i. RNA isolation from breast cancer cells 

To determine the changes in gene expression profile, treated cells were washed with 

ice-cold 1X PBS and cells were collected in lysis buffer and RNA isolation was 

done as described in the Pure LinkTM RNA mini kit. 

ii. RNA isolation from the tissue sample of breast cancer patients 

Tissue samples were collected in collaboration with Dr Gayatri Gogoi from patients 

diagnosed with breast cancer and referred to the pathology department of Assam 

Medical College, Dibrugarh. Ethical approval for the study was obtained from the 

hospital and IIT Guwahati. Tumour samples were preserved in RNA-later aqueous 

solution immediately after surgery and stored at -80℃. To isolate RNA from the 

tumour samples, the tissue was removed from the RNA-later solution and placed in 

a mortar and pestle treated with DEPC. The tumour sample was crushed in the 

presence of liquid nitrogen and Trizol was added to the finely crushed tissue sample. 

The entire extract was collected in Eppendorf and centrifuged at 13000 rpm for 10 

minutes to remove tissue debris. RNA was then isolated by the Trizol method. The 

RNA pellet was resuspended in RNase-treated water. 

iii. Reverse transcription 

The isolated 2µg RNA was reverse transcribed using the High-Capacity cDNA 

Reverse Transcription Kit followed by a thermal cycling condition of 25℃ for 

10min, 37℃ for 120min and 85℃ for 5min. 

iv. Real-time PCR 

Real-time PCR was performed to quantify gene expressions. The reaction was 

performed in a CFX96 real-time PCR instrument. The conditions for RT-PCR were 

as follows: initial denaturation at 95℃ for 2 minutes, followed by 95℃ for 10 

minutes. The cycling phase began with denaturation at 95℃ for 15 seconds, primer 

annealing and extension at 60℃ for 45 seconds for 35 cycles. The final extension 

was performed at 72℃ for 10 minutes. To obtain a melting curve, the temperature 

gradient is set as follows: 95℃ for 15 seconds, 60℃ for 1 minute, 95℃ for 30 

seconds, and 60℃ for 30 seconds. PowerUp™ SYBR™ Green Master Mix was 

used to perform RT-PCR. The fold change in expression level was calculated using 

the ∆∆Ct method. 
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v. Protein expression analysis using western blot techniques 

To establish the protein profile, cells were seeded and incubated according to the 

experimental design. For adherent culture, cells were seeded and treated after 24 

hours of cell adhesion. BMP4, LDN, and Y27632 were added and incubated for 48 

hours. For the non-adherent conditions, cells were seeded into agar-coated wells 

along with the compounds and incubated for 48 hours. For shear stress conditions, 

cells were seeded at a density of 2*10^5/ml in a Falcon tube and incubated in an 

incubator at 37℃ and 100 RPM for 24 hours. MDA-MB -231 and MCF7 were also 

seeded on agar-coated wells to form spheroids for 11 days. The adherently seeded 

cells were then washed with ice-cold 1X PBS and RIPA buffer was added directly 

to the cells. Cells were scraped off with a scraper and the lysate was collected in an 

Eppendorf tube. For cells seeded onto agar-coated, suspension conditions and 

spheroid formation were collected directly in an ice-cold Falcon tube and washed 

with 1X PBS by centrifugation at 500g for 10 minutes at 4℃. Then the cell pellet 

was resuspended in RIPA buffer. The lysate was incubated on ice for 30 minutes 

and sonicated for 30 seconds, at an amplitude of 25 and ON-OFF cycles for 1 

second and 4 seconds, respectively. To remove debris, cells were centrifuged at 

13000 rpm for 10 minutes at 4℃. The supernatant was then collected and stored at 

-80℃ for long-term storage. To perform a Western blot, 5X- SDS loading dye (final 

1X) and β- ME (10%) were added to the protein sample and incubated at 95℃ for 

5 minutes, followed by 5 minutes on ice. The prepared samples were loaded onto a 

10% acrylamide gel and transferred to a 0.22µM nitrocellulose membrane using a 

semi-dry transfer technique. The membrane was blocked with 5% skim milk to 

prevent non-specific antibody binding. A primary antibody (prepared in 1X TBST) 

was then added and incubated at 4℃ for 24 to 36 hours on a shaker. The membrane 

was washed five times with 1X TBST and then incubated with the appropriate HRP-

conjugated secondary antibodies for approximately one hour. ECL substrate was 

used for detection after the membrane was washed with 1X TBST. 

vi. Phospho-protein analysis using flow cytometry 

Flow cytometric analysis was performed to determine the changes in phospho-

protein levels. The MDA-MB -231 and MCF7 were seeded at a seed density of 

5000 cells/cm2 and incubated for 48 hours. After successful incubation, the dishes 

were removed and immediately placed in a water bath already set at 37℃ to 

maintain the cells in a phosphorylated state. The medium was discarded and the 
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dishes were washed with pre-warmed (37℃) 1X PBS. Trypsin was added and the 

dishes were incubated in a water bath for a few minutes to dislodge the cells. FBS 

(fetal bovine serum) was added to deactivate the effect of trypsin and the cells were 

immediately fixed with 4% paraformaldehyde. Cells were collected in RIA vials 

and incubated for 20 minutes at room temperature. Cells were pelleted and washed 

with a staining solution (0.5% BSA in PBS) by centrifuging the cells at 500g for 10 

minutes at 4℃. For subsequent fixation, ice-cold 100% methanol was added 

dropwise to the pellet under continuous vortexing at 1500 rpm and incubated at 4℃ 

for 16 hours. The next day, cells were harvested and washed with a staining solution 

by centrifuging the cells at 500g and 4℃ for 10 minutes. Fluorescently labelled 

antibodies were added and incubated at room temperature for 1 hour in the dark. 

Washing was then performed to remove the nonspecific binding. Flow cytometric 

analysis was performed by plotting the gated population of FSC against SSC in 

specific fluorescence-conjugated antibody channels. 

3.1.2.16 Lentiviral transduction of mammalian cells 

i. Transfection 

HEK293T cells were seeded at a seeding density of 70,000 cells/cm2 in a 35-mm tissue 

culture dish and incubated at 37℃ with 5% CO2 for 24 hours. The medium was replaced 

with a new medium just before the 2-hour transfection, and the transfection mixture 

(mentioned below) was carefully added dropwise to the plates. 

Preparation of the transfection mixture 

The transfection mixture was prepared in 100 µl of incomplete medium containing the 

plasmid of interest (2.38 µg) and the packaging plasmid (pMD -0.75 µg, p8.74-1.87 µg) 

with a total DNA amount of 5 µg. The PEI solution was added to the mixture so that the 

final concentration was 12 µg. The mixture was pulse vortex for 15 seconds and then 

incubated at room temperature for 10 minutes. After incubation, 600 µl of complete 

medium (37℃) was added to the transfection mixture. 

After 2 hours of incubation of the cells with the transfection mixture, another 2 ml of media 

was added to the dish and kept back in the incubator. At the end of 18 hours of transfection, 

the old media was replaced with the virus-collecting medium (HG-DMEM with 2% FBS) 

and incubated at 5% CO2. The virus-containing medium is collected after 24 and 48 hours 
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and centrifuged at 500g for 15 minutes at 4℃. The virus supernatant was collected and 

stored at 4℃ for immediate use and at -80℃ for long-term use. 

ii. Transduction 

MDA-MB -231 and MCF7 cells were seeded 24 hours before transduction at the 

appropriate density (10,000 cells/cm2). Virus-containing media collected after 24 and 48 

hours (1st and 2nd harvest) of transfection are added together with 4µg/ml of polybrene 

and serum so that the final serum concentration should be 10%, and incubated at 37℃ and 

5% CO2 for 24-48 hours. Finally, the complete medium is added to the transduced cells and 

selection was performed with Puromycin (2µg/ml). 

3.1.2.17 Data analysis 

To compare between treated and untreated groups, a paired t-test was used. Primary patient 

sample data was analyzed by the Mann-Whitney non-parametric variables test. The 

association between the expression levels of different genes in the primary patient samples 

was determined by bivariate Pearson correlation analysis using SPSS software. p 

values < 0.05 were considered statistically significant. Colony area, 3D spheroid migration, 

and the spheroid area were analyzed using Fiji software, and 2D cell migration was 

analyzed with TScratch software. FlowJo software (Flow-Jo, LLC) was utilized to analyze 

flow cytometry data. 

3.2 Bacterial culture 

3.2.1 Materials  

3.2.1.1 Chemicals and reagents 

SMARTPURE Plasmid Isolation Kit  

Ampicillin (100 µg/ml) 

CaCl2 solution (50mM) 

3.2.1.2 Buffers 

Tris-acetate-EDTA (TAE) buffer 

3.2.1.3 Plasmids used for silencing 

Scramble 
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shRHOA 

shβ-catenin 

3.2.1.4 Media 

LB-Growth Top Agar  

32 grams dissolved in 1000 ml double distilled water, autoclaved at 15 lbs pressure 

(121℃) for 15 minutes and stored at 4°C. 

Luria Bertani HiVeg TM Broth, Miller  

25 grams, dissolved in 1000 ml double distilled water, autoclaved at 15 lbs pressure 

(121℃) for 15 minutes and stored at 4°C.  

SOC (Super Optimal broth with Catabolite repression) medium  

34.1 grams, dissolved in 1000 ml double distilled water, autoclaved for 15 minutes 

at 15 lbs pressure (121℃) and stored at 4°C. 

 

3.2.2 Methods 

3.2.2.1 Transformation 

The Top 10 (E. coli) competent cells were used to perform the transformation. 50 µl of the 

Top 10 competent cells were thawed on ice and 5 µg of the plasmid was added. Mixed 

gently with a micropipette and incubated on ice for 30 minutes. A heat shock of 45 seconds 

at 42℃ was administered and incubated again on ice for 5 minutes to recover. The medium 

SOC (Super Optimal broth with Catabolite repression) was added to the mixture and 

incubated at 37℃ for 1 hour at 180 rpm. The culture was spread on LB agar plates 

containing ampicillin antibiotics and incubated at 37℃ for 18 hours. The next day, 

ampicillin-resistant colonies were collected and inoculated into LB broth containing 

ampicillin antibiotics. The inoculated broth was incubated at 37℃ for 16-18 hours at 180 

rpm. The culture was collected in a Falcon tube and the plasmid was isolated using the 

SMARTPURE plasmid isolation kit. 

3.2.2.2 Plasmid isolation 

The inoculated broth was incubated at 37℃ for 16-18 hours at 180 rpm. The culture was 

collected in a Falcon tube and the plasmid was isolated using the SMARTPURE plasmid 

isolation kit.  
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BMP, RHOA and Wnt Signalling Components in 

Breast Cancer 

4.1 Introduction 

The current study focuses on BMP, RHOA, and Wnt signalling to understand their role in 

breast cancer progression and to check whether these signalling pathways can be modulated 

for therapeutic purposes. For this, the expression levels of the signalling components in the 

presentative breast cancer cell lines were determined. Breast tumours formed in breast 

cancer patients are generally hormone-dependent and around 75% of them express estrogen 

receptors (Ding et al., 2021). The breast tumours are classified as luminal (ER+, PR+), Her2-

enriched (Her2+), and basal-like (ER-, PR- and Her2-) (Eliyatkın et al., 2015) types. To 

understand the expression of the various signalling components, four breast cancer cell 

lines that represent different breast cancer subtypes were utilized: ZR75.1 (ER+, PR+, 

Her2+), MCF7 (ER+, PR+, Her2-), SKBR3 (ER-, PR- and Her2+), and MDA-MB-231 (ER-, 

PR- and Her2-). ZR75.1 lacks Tp53 function, unlike SKBR3, which expresses the Tp53 

gene (Chin et al., 2006). According to ATCC, ZR75.1 was isolated from the mammary 

gland of a patient with ductal carcinoma, SKBR3 from a pleural effusion with 

adenocarcinoma, and MCF7 and MDA-MB-231 from the mammary gland with 

adenocarcinoma. The ideal model chromosome number is 72 for ZR75.1 and 84 for SKBR3 

with the hyper triploid chromosome and the aneuploid cell line MDA-MB -231 has 64 and 

82 for MCF7 in which the chromosome number ranged from hyper triploidy to hypo 

tetraploidy. The Her2/neu gene is abundantly expressed in the aggressive breast cancer SK-

BR-3 cell line. This fact makes it a useful tool for researching the efficacy of Her2-targeted 

medicines in the treatment of breast cancer. ZR75.1 breast cancer cell lines are also used to 

study drug susceptibility, vascular development and apoptosis. MCF7 cells are regularly 

used in breast cancer research, hormone signalling, novel medicine discovery, and other 

forms of cancer research. They are also used to investigate the impact of tamoxifen and 

other anti-estrogen drugs used in the treatment of ER+ breast cancer (Comşa et al., 2015). 

MDA-MB-231 is an ideal model for investigating the biology of triple-negative breast 

cancer due to the absence of ER, PR, and Her2 receptors. These cells are also used 

extensively to investigate the mechanisms of breast cancer metastasis due to their invasive 

nature (Welsh, 2013). Several experiments were conducted to comprehend the functional 
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properties of cells, and gene expression analysis was performed to quantify BMP4, RHOA, 

and β-catenin expression.  

4.2 Results 

4.2.1 Morphology of breast cancer cells 

Breast cancer cell lines were obtained from the National Centre of Cell Sciences (NCCS, 

Pune, India) and cultured as recommended. Morphology was first studied by culturing the 

cells in an ideal environment and observing them under a microscope. ZR75.1 contained 

small clusters of round-shaped cells, whereas MCF7 exhibited a sheet-like structure of 

polygonal cells. Similarly, the SKBR3 cell line had both round and polygonal cells, while 

the MDA-MB-231 cells were spindle-shaped as presented in Figure 4.1. 

 
 

Figure 4.1: Morphology of breast cancer cells: The cancer cell lines were allowed to grow in a proper cell 

culture environment and images were taken using a microscope. The figure displayed the morphology of 

ZR75.1, MCF7, SKBR3 and MDA-MB-231. The black line in the images represents the scale bar (100µm). 

4.2.2 Doubling time and cell cycle  

In addition, the doubling time was calculated, which indicates the time it takes for a single 

population to double in size. For this purpose, the cancer cells were seeded at a precise 

seeding density and the number of cells was counted at different time intervals. The 

doubling time was calculated using the formula (Korzyńska & Zychowicz, 2008) 

mentioned in the materials and methods. MCF7 and ZR75.1 had a doubling time between 

36 and 45 hours, whereas SKBR3 required approximately 120 hours. MDA-MB-231 triple-

negative breast cancer cells had the lowest doubling time of 20 hours (Figure 4.2 A). The 

difference in doubling time inspired me to investigate the dynamics of the cell cycle. The 
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cell cycle is a complicated sequence of processes that meticulously control DNA replication 

and cell division. The proportion of cells, at each stage of the cell cycle, was estimated 

using propidium iodide labelling and the cells were analysed by flow cytometry. The G1 

phase accounts for 50% of the cell population in ZR75.1, MCF7, and MDA-MB -231 cells, 

whereas SKBR3 has a G1 phase that is close to 70% of the total cell population. SKBR3 

has about 20% of its population in the S phase, while ZR75.1, MCF7 and MDA-MB-231 

have approximately 30-40% in the S phase. The G2 phase in ZR75.1 and SKBR3 accounts 

for about 6% of the total population, while MCF7 and MDA-MB -231 contain about 15% 

of the cells (Figure 4.2 B and C). Thus, doubling time and cell cycle analysis revealed that 

MDA-MB-231 as the most proliferative and SKBR3 as the least, while MCF7 and ZR75.1 

are intermediate in their proliferation. 

                           A                                          B                                                                                               

      C   

Figure 4.2: Doubling time and cell cycle analysis. Trypan blue method was used to calculate the doubling 

time and propidium iodide staining was used to identify the cells based on the amount of DNA. A. represents 

the doubling time and B. represents the percentage of the population in different phases and C. represents 

the histogram of the cell cycle in ZR75.1, MCF7, SKBR3 and MDA-MB-231 respectively. Statistical 

significance was calculated with respect to MDA-MB-231. Values are mean ± SE, n=3-4 independent 

samples, *p<0.05, **p<0.005, ***p<0.0005. 
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4.2.3 Cell surface marker profile 

Cell surface receptors are integral membrane proteins that are anchored in the plasma 

membrane and play an important role in maintaining communication between internal 

cellular mechanisms and various extracellular signals.  

                  A                                                                        

 

                  B                                      C                               D 

 

Figure 4.3: Phenotyping of breast cancer cells. The cells were incubated with fluorescently labelled 

antibodies for 30 minutes on ice. Propidium iodide was added to distinguish between live and dead cell 

populations. The mean fluorescent intensity was calculated with respect to unstained. A. represents the 

histogram and B. represents the MFI of CD44 C. for CD24 and D. for EpCAM expression in ZR75.1, MCF7, 

SKBR3 and MDA-MB-231. Statistical significance was calculated in reference to MDA-MB-231. Values are 

mean ± SE, n=3-4 independent samples, **p<0.005, ***p<0.0005. 

Numerous cell surface receptors are clinically important in determining the cancer stage of 

a tumour. Expression of CD44, CD24, and ALDH1 in combination or alone represent 
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cancer stem cell markers (Horimoto et al., 2016). The combination of CD44 and EpCAM 

is also considered a tumour-initiating marker, and cells with this combination have a high 

capacity for self-renewal (Hoe et al., 2017). For this purpose, cells were trypsinized and 

incubated with fluorescently labelled antibodies and analysed by flow cytometry. 

ZR75.1, MCF7 and SKBR3 were positive for CD24 and EpCAM expression but negative 

for CD44 expression, whereas MDA-MB-231 was positive for CD44 but negative for 

CD24 and EpCAM (Figure 4.3). 

4.2.4 Clonogenic ability 

The self-renewal property represents the capacity of a cell to generate its progeny and is 

directly related to the stemness of the cell; therefore, we choose colony assay, the most 

effective method for identifying the self-renewal property of an individual cell (Figure 4.4 

A). Breast cancer cells were seeded at a seeding density of 100 cells/well and allowed to 

form colonies for 10-15 days. The colony-forming ability was relatively higher in MCF7 

and MDA-MB-231 compared to ZR75.1 and SKBR3 (Figure 4.4 B). 

A                                                                                       B                                                                                      

 
 

Figure 4.4: Colony formation ability. The clonogenic capacity of cells is measured by seeding a specific 

number of cells and incubating them to form colonies for 14 days. The colonies were fixed with methanol and 

stained with a crystal violet solution. A colony is defined as having 50 or more cells. Colonies were counted 

and photos were obtained with a microscope. The area covered by each colony was measured using Fiji 

software. A. Represents the colony images (scale = 200 µm) and B. represents the graph indicating colony 

number in ZR75.1, MCF7, SKBR3 and MDA-MB-231. Statistical significance was calculated in reference to 

MDA-MB-231. Values are mean ± SE, n=5-6 independent samples, ***p<0.0005. 
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4.2.5 3D spheroid formation ability 

Three-dimensional growth is another way to describe proliferation and self-renewal, which 

illustrates how cell-cell interactions contribute to growth alongside their expanding 

potential. The efficiency of tumour sphere formation was determined using a spheroid 

formation assay, which determines the proportion of cancer cell cultures capable of forming 

3D spheroids. For this purpose, a predetermined number of cells were seeded on non-

adherent wells and allowed to form a spheroid. While ZR75.1, MCF7 and MDA-MB-231 

cells formed dense and compact spheroids, SKBR3 grew as a clump of cells rather than 

forming spheroids (Figure 4.5 A). In addition, ZR75.1, MCF7, and SKBR3 showed good 

proliferation ability as a 3D spheroid compared to MDA-MB-231 (Figure 4.5 B). 

A                                                                                 B      

 
 

Figure 4.5: Spheroid formation ability. The breast cancer cells were seeded in anchorage-independent 

conditions to form a spheroid and the area covered by the spheroid was analysed using Fiji software. A. 

Represents spheroid images (scale = 200 µm) and B. represents the spheroid area of ZR75.1, MCF7, SKBR3 

and MDA-MB-231 calculated as the percentage of the area with respect to 7th day. Values are mean ± SE, 

n=5 independent samples. 

4.2.6 F-actin arrangement 

Because the cytoskeleton builds the foundation and acts as the engine for motile cells, 

remodelling of the intracellular cytoskeleton is considered to be the most significant event 

in cell migration (Wang et al., 2020). The migration fronts are determined by the amount, 

orientation, and location of actin within the cells. Similar to lamellipodia, where actin 

accumulates at the periphery of the cell membrane, and filopodia, where actin accumulates 

during the migration-related protrusion of cells. Healthy, growing cells were fixed, labelled 

for F-actin, and imaged under a fluorescence microscope. F-actin content was higher in 
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MCF7 and MDA-MB-231 cells, while it was low in SKBR3. ZR75.1, on the other hand, 

expressed lower F-actin than MCF7 and MDA-MB-231 but higher than SKBR3 as shown 

in Figure 4.6.  

 

Figure 4.6: F-actin immunostaining. The cells were processed, fixed and stained with fluorescent-

conjugated Phalloidin-TRITC (Red colour) which stains F-actin and DAPI (blue colour) was added to 

identify nuclear locus in cells. The white line in the images represents the scale bar (50μm). 

After estimating F-actin expression, we conducted a wound-healing assay to ascertain 

whether the amount of actin present in cells correlated with migration. 

4.2.7 Migration ability 

Invasion of malignant cells into surrounding tissues and the vascular system is the first 

stage of cancer progression. To achieve this, cancer cells must migrate chemotactically, 

controlled by the anteroposterior activity of the cell membrane and its connection to the 

extracellular matrix (Yamaguchi et al., 2005). To correlate the F-actin level with the 

migration ability of the cells, wound healing assay was performed, and the migration rate 

was calculated in µm/hour. On average, MCF7 migrated at a rate of almost 2 µm/hour, 

MDA-MB-231 at a rate of 5-6 µm/hour, while SKBR3 did not show any migration ability 

(Figure 4.7 A and B). Based on the above results, F-actin content might correlate with their 

migration speed. 

 

TH-3254_156106045



Chapter 4                  BMP, RHOA and Wnt Signalling Components in Breast Cancer 

80 
 

A                                                                                                      B                                                                                               

 

Figure 4.7: Wound healing assay. To perform the wound healing assay, the cells were implanted and serum 

starved once they reached a confluence of 90-95% to cease growth. After that, a scratch was made and cells 

were permitted to move in the scratched area. The area covered in 28 hours by the migrating cells was 

determined using T-Scratch software and the migration rate was calculated in µm/hour. A. represents the 

microscopic images and B. represents the migration speed of MCF7, SKBR3 and MDA-MB-231 cells. The 

black line in the images represents the 100µm scaling bar. Statistical significance was calculated in reference 

to MDA-MB-231. Values are mean ± SE, n=5-6 independent samples, **p<0.0005. 

4.2.8 In vitro metastatic growth of breast cancer cells 

Metastasis of breast cancer cells into bone microenvironment is very well known and this 

activates osteoclast activity which results in bone resorption (Mercatali et al., 2017). Breast 

cancer cells were seeded on a monolayer of bone marrow-derived stromal cells to examine 

their ability to form breast cancer colonies and proliferate. MCF7 cells were able to form 

well-formed colonies on the stromal layer, however, SKBR3 and MDA-MB-231 cells 

proliferated in a dispersed manner (Figure 4.8).  

 

Figure 4.8: Co-culture of breast cancer cells on stromal cells. To comprehend the metastatic development 

of breast cancer cells, the cancer cells were co-cultured with bone marrow-isolated stromal cells. The images 

were taken on the 7th day of co-culture to observe the interaction of different cancer cell lines with stromal 

cells. The black line in images represents the scale bar (200µm). 
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4.2.9 Components of BMP signalling in breast cancer cells 

After gaining an understanding of the functional properties of breast cancer cell lines, we 

sought to identify the signalling components of BMP, RHOA, and Wnt, to comprehend the 

role of these signalling pathways in cancer progression. The linked elements of these 

signals were estimated by immunoblotting and real-time PCR analysis. Intracellular 

expression levels of BMP4 were determined by immunocytochemistry staining and 

immunoblotting. Intracellular BMP4 expression was identified in both MCF7 and MDA-

MB-231 cells and immunoblotting analysis showed that MDA-MB-231 cells had 

significantly higher expression of BMP4 compared to MCF7 and SKBR3 (Figure 4.9 A 

and B). The expression of BMP receptors was also determined by immunoblotting; 

interestingly, BMPR1A protein expression was identified in MCF7 and SKBR3, however, 

MDA-MB-231 showed BMPR1A expression at the mRNA level. A high level of BMPR2 

expression was identified in MDA-MB-231 cells whereas it was relatively low in SKBR3 

cells. To understand whether the BMP signalling pathway was active in the breast cancer 

cells, phospho SMAD1/5 (pSMAD1/5) levels were determined in these cell lines. SKBR3 

cells showed low pSMAD1/5 expression levels whereas MCF7 and MDA-MB-231 had 

similar expression levels (Figure 4.9 C).  Thus, the differential levels of the BMP signalling 

components indicate that BMP signalling might be modulated differentially in these breast 

cancer cell lines representing distinct breast cancer subtypes. 

4.2.10 Expression of RHOA and Wnt signalling components in breast cancer cells 

The expression levels of RHOA and β-catenin in the breast cancer cells were determined 

at the protein and mRNA levels. In the context of RHO-ROCK signalling, we estimated 

the expression profile of RHOA at both the mRNA and protein levels. RHOA expression 

could be detected by immunocytochemistry, immunoblotting and real-time PCR. MDA-

MB-231 cells showed significantly high levels of RHOA (Figure 4.10 A and B) compared 

to MCF7 cells suggesting an active RHOA signalling pathway in MDA-MB-231 cells.  
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               A 

 

                  B                                                C   

 

Figure 4.9: Components of BMP signalling in breast cancer cells. Immunocytochemistry, immunoblotting 

and Real-time PCR techniques were used to determine the expression level of BMP signalling components. 

A. represents the fluorescence image of MCF7 and MDA-MB-231 cells stained with anti-BMP4 (Red) and 

DAPI (Blue) antibodies, respectively. The white line in the images represents the scale bar (20 μm).  B. 

depicts a western blot of MCF7, SKBR3, and MDA-MB-231 cells for BMP4 (~34 KDa), BMPRIA (~55 KDa), 

BMPR2 (~115 KDa), and pSMAD1/5 (~55 KDa), and GAPDH (~37 KDa) expression. Using Real-time PCR, 

the mRNA transcript level of BMP4, BMP6, BMPRIA, and BMPR2 was analysed, and fold change was 

calculated relative to MDA-MB-231 represented in C. Statistical significance was calculated in reference to 

MDA-MB-231. Values are mean ± SE, n=4 independent samples, *p<0.05, not significant (ns), p>0.05. 

Similarly, the β-catenin expression could be detected in both MCF7 and MDA-MB-231 

cells in the protein as well as mRNA level by immunocytochemical staining, 

immunoblotting and real-time PCR analysis. The β-catenin was found to be significantly 

higher in MCF7 cells compared to MDA-MB-231 cells suggesting that β-catenin might 

function differently in these cell types (Figure 4.10 B and C). 
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                     B                                                  C                                                                                     

 

Figure 4.10: Signalling components of RHOA and Wnt in breast cancer cells. The expression of RHOA 

and β-catenin was also evaluated using immunocytochemical staining, western blotting, and Real-time PCR. 

A. displays the fluorescence image stained with anti-RHOA (Red), anti- β-catenin (Green), and DAPI (Blue) 

for both MCF7 and MDA-MB-231. In the images, the white line represents the scale gauge (20 m). B. depicts 

western blot images of RHOA (~21 KDa), β-catenin (~92 KDa) and GAPDH (~37 KDa) in MCF7, SKBR3, 

and MDA-MB-231 cells. Real-time PCR was used to analyse the gene expression profile for RHOA and β-

catenin, and the fold change was calculated with reference to MDA-MB-231 represented in C. Values are 

mean ± SE, n=4 independent samples, **p<0.005, not significant (ns), p>0.05. 
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4.3 Discussion 

Each subtype of breast cancer cells responds differently in terms of prognosis and treatment 

due to heterogeneity in terms of molecular characteristics, receptors present on them, cell 

culture environment, and many other factors; therefore, it was necessary to choose the 

appropriate cell lines for the study (Holliday & Speirs, 2011). Taking into account the wide 

variety of breast cancer subtypes, we selected four distinct cell line types to study. The cell 

lines were ZR75.1 (ER+, PR+, Her2+), MCF7 (ER+, PR+, Her2-), SKBR3 (ER-, PR-, Her2+) 

and MDA-MB-231(ER-, PR-, Her2-). 

Each cell type had distinct morphological characteristics, where MDA-MB-231 cells have 

a spindle shape and SKBR3 cells have a mixed population of polygonal and round shapes, 

which are consistent with previously reports (Hollestelle et al., 2013). MCF7 has a sheet-

like polygonal structure, and ZR75.1 has a sheet-like spherical globular structure, both of 

which are similar to those reported earlier (Gadalla et al., 2011). The doubling times of 

MDA-MB-231 and MCF7 were as reported earlier (Tesauro et al., 2019) and (R. Y. Koh 

et al., 2017). We found that MCF7 and ZR75.1 had nearly comparable doubling times of 

36-45 hours, aligning with the earlier research (Stepp et al., 2019). 

CD44 high and CD24 low is the primary marker for identifying breast cancer stem cells 

(Sheridan et al., 2006; Vikram et al., 2020). We also determined the baseline expression of 

CD44 in breast cancer cells and found that MDA-MB-231 had a positive expression for 

CD44, while MCF7, ZR75.1, and SKBR3 were negative for CD44 as reported by others 

(Fillmore & Kuperwasser, 2008; W. Li et al., 2017) (Meyer et al., 2010) (Moradian & 

Rahbarizadeh, 2019) (Meyer et al., 2009). As reported by Ghaedi et al, MDA-MB-231 and 

MCF7 possess a higher level of F-actin and migrate faster than SKBR3 cells (Ghaedi et al., 

2019). Similarly, the clonogenic ability of MCF7 and MDA-MB-231 were similar to each 

other as reported by other studies (Ren et al., 2019). Some studies, however, reported that 

MDA-MB-231 cells have higher clonogenic potential than MCF7 (Mokhtari et al., 2021).  

When breast cancer cells and stromal cells are co-cultured, it becomes clear that all breast 

cancer cell lines can colonise at a distant place. This finding suggests that the 

microenvironment of stromal cells also fosters the growth of breast cancer cells. Some 

proteins like SDF-1, CXCL1/2/5/6/10/12, interleukins, OPN and several others secreted by 

breast cancer cells are beneficial to their survival in the stromal cell milieu, and this has 

already been researched (Hill et al., 2020). 
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Further, MCF7 and SKBR3 express BMPRIA and MDA-MB -231 express BMPR2, which 

may suggest that MCF7 and SKBR3 activate BMP signalling via BMPRIA and MDA-MB 

-231 activate BMP signalling via BMPR2. Similarly, the higher β-catenin expression in 

MCF7 and lower expression in MDA-MB-231 were consistent with one of the studies 

published by et al  (Bleckmann et al., 2016). RHOA expression was evaluated among the 

cell lines and found to be highest in MDA-MB-231, followed by MCF7, and then SKBR3. 

For the current study, MCF7, SKBR3, and MDA-MB-231 were selected to investigate the 

BMP signalling pathway and its significance.  

4.4 Conclusion 

Although all the cell lines ZR75.1, MCF7, SKBR3, and MDA-MB-231 utilized for the 

study were derived from breast cancer patients, there was a significant difference in their 

morphology, growth properties and expression of key signalling molecules. These cell lines 

represent different molecular subtypes and the differential expression of the signalling 

molecules related to BMP, RHOA and Wnt signalling suggest that a context-dependent 

regulation might occur in different breast cancer subtypes and could be utilized for 

therapeutic purposes.   
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BMP4 Signalling in Breast Cancer 

Progression 

5.1 Introduction 

BMP4, a member of the BMP family was found to be overexpressed in breast cancer and 

involved in both the growth and invasiveness of breast cancer cells including the 

development of chemotherapy resistance. Therefore, understanding the function of BMP4 

might help in developing new treatment strategies for breast cancer. BMP functions in both 

canonical (SMAD-dependent) and non-canonical (SMAD-independent) signalling 

pathways (Goldman et al.,2022). Regulatory Smad (R-SMAD) and inhibitor Smad (I-

SMAD) are involved in the canonical pathway (Lai et al., 2022), whereas ERK, p38 

MAPK, and JNK are involved in the non-canonical (Chmielowiec et al., 2022) pathway. 

BMPs are known to play a dual role. For instance, BMP4 prevents the spread of breast 

cancer to other parts of the body by stopping NF-kB activity in human and mouse tumour 

lines. However, another study showed that BMP4 promotes tumour growth and metastasis 

by causing CD8+ T cell-mediated immunosuppression (Bach et al., 2018). BMP4 is known 

to stimulate endothelial cell migration by upregulating FoXO3 and ROS generation, in 

addition to tumour growth and metastasis, as demonstrated in (Q. Li et al., 2022). The 

development of "chemoresistance" by cancer stem cells is the primary source of failure in 

cancer therapy. Research has shown that blocking BMP4 and BMP2 can reduce tumour 

development and aggressiveness (S. Li et al., 2022). The context-dependent function of 

BMP signalling in different cancers prompted us to investigate the significance of BMP 

signalling at different stages of cancer progression. Multiple assays and microenvironments 

were used to investigate the role of BMP signalling in cancer proliferation, self-renewal, 

migration/EMT, anoikis resistance, metastasis, and chemoresistance. The effect of BMP 

signalling on breast cancer cells was determined by treating them with recombinant human 

BMP4 protein, the BMP receptor inhibitor LDN193189 (LDN), and a combination of these 

two compounds. 
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5.2 Results 

5.2.1 Determining the efficiency of recombinant human BMP4 and LDN193189 

Before initiating multivariate experiments, the optimal concentration of both BMP4 and 

LDN193189 (LDN) was determined. 

5.2.1.1 LDN concentration curve 

Reports have shown that high doses of LDN are toxic to cells, the optimal concentration 

was determined by a concentration curve. The breast cancer cell lines were seeded and 

treated with various concentrations of LDN ranging from 0µM to 10µM. The cell viability 

was unaffected with the LDN concentration between 0µM to 1µM, whereas a significant 

decrease in live cells was observed at 2µM, and LDN was highly cytotoxic at a 

concentration of 5µM and above (Figure 5.1). Thus, 1μM of LDN was utilized for further 

experiments.  

 

Figure 5.1: LDN concentration curve. MCF7, SKBR3, and MDA-MB-231 cell lines were seeded and treated 

with LDN varying from 0.05µM to 10µM for 48 hours. The treated cells were processed and stained with 

propidium iodide to determine the percentage of living and dead cells. The corresponding line graph displays 

the percentage of viable cells across different LDN193189 concentrations. Values are mean ± SE, n=3 

independent sample. 

5.2.1.2 Time course analysis of BMP4 and LDN 

To determine the optimal treatment time for the breast cancer cells with BMP4 (10ng/mL) 

and LDN (1µM/mL), a time course analysis was performed. Cells were seeded, treated and 

then counted at different time intervals using the trypan blue method. Cell number did not 

change significantly in the first 24 hours after treatment with BMP4, LDN, or simultaneous 

treatment of BMP4 and LDN (BMP4+LDN). However, a significant increase in cell 
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number was observed after 48 hours of treatment with BMP4. In contrast, neither LDN nor 

concomitant treatment with BMP4 affected cell numbers. A decrease in cell number was 

observed after 72 hrs of LDN treatment and 48 hrs of treatment was sufficient to activate 

or inhibit the SMAD signalling with BMP4 and LDN treatment, respectively (Figure 5.2 

A). To further corroborate the substantial effect of LDN on SMAD signalling, flow 

cytometric analysis was also conducted. The results showed that LDN (inhibitor) 

administration significantly reduced the expression profile of pSMAD1/8 (Figure 5.2 B). 

A                                                                                          B 

 

Figure 5.2: Time course analysis of BMP4 and LDN. MDA-MB-231 with a seeding density of 5000 cells/cm2 

seeded in tissue culture-treated plates along with BMP4(10ng/ml) and LDN(1µM/ml). The cells were 

trypsinized and counted at regular time intervals of 24, 48, 72 and 96 hours using the trypan blue method. 

The above bar graph in A. represents the number of cells obtained at different time points in MDA-MB-231 

where cells left untreated (CON), or treated with BMP4, LDN or BMP4+LDN are represented. Anti-Smad1 

(pS463/pS465)/Smad8 (pS465/pS467) antibody (PhosphoSMAD1/8) was used to stain MDA-MB-231 cells. 

Cells were either left untreated (Control) or treated with the BMP inhibitor LDN193189 (Inhibitor). The 

orange line represents the unstained control for the control cells, whereas the light blue line represents the 

unstained control for the inhibitor-treated cells in B. Values are mean ± SE, n=4 independent samples, 

*p<0.05, **p<0.005. 

5.2.2 BMP4 facilitates canonical signalling in breast cancer cells 

In order to understand the signalling pathway activated by BMP4 and LDN treatment, 

whether it follows canonical or non-canonical BMP pathway or both, the components of 

the BMP signalling was determined by immunoblotting and real-time PCR analysis. BMP4 

treatment significantly increased the pSMAD1/5 (Figure 5.3 A and B), pSMAD2/3 (Figure 

5.3 C and D) and pSMAD1/8 (Figure 5.3 E) protein levels in MDA-MB-231, whereas LDN 

treatment significantly downregulated these proteins.  
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D                                                                                 E 

 

Figure 5.3: BMP4 and LDN treatment alters canonical signalling proteins. The protein profiles of BMP 

canonical signalling in breast cancer cells treated with BMP4(10ng/ml) and LDN(1µM/ml) for 48 hours were 

examined using immunoblotting and flow cytometry. The protein lysate was extracted in RIPA buffer and 

separated on a polyacrylamide gel before being transferred to a nitrocellulose membrane for immunoblotting 

analysis. A primary antibody and an HRP-conjugated secondary antibody were used to incubate the 

membrane. To create a chemiluminescent picture of the blot, the ECL reagent was used. A. Blots represent 

the expression of pSMAD1/5(~55 KDa), pERK1/2(~42-44 KDa), RHOA (~21 KDa), and GAPDH (~37 KDa) 

proteins, while B. represents the fold change in pSMAD1/5 and C. represents the fold change in pERK1/2 

expression in MCF7, SKBR3, and MDA-MB-231 cells respectively. The changes in 

phosphoprotein expression following treatment were examined using flow cytometry, in which cells were 

stained with fluorescently labelled antibodies and the change in intensity was evaluated. Normalised MFI 

was calculated by comparing fluorescence intensity to untreated conditions. D. and E. show the normalised 

MFI of pSMAD2/3 and pSMAD1/8 for MCF7 and MDA-MB-231, respectively. Values are mean ± SE, n=4 

independent samples, *p<0.05, **p<0.005, ***p<0.0005, not significant (ns), p>0.05 
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However, the levels of pERK1/2 and RHOA was unaffected upon treatment with either 

BMP4 or LDN in all the breast cancer cell lines tested proteins (Figure 5.3 A and F). Thus, 

the results indicate that BMP4 treatment primarily activates the canonical pathway in breast 

cancer cells. 

 

Considering the above observation that BMP4 and LDN treatment has a striking effect on 

the canonical pathway, it was hypothesized that these treatments would also alter the 

expression of downstream targets of the Smad-dependent pathway. Among the important 

downstream mediators of the BMP pathway is the large family of proteins known as ID 

proteins. IDs play a significant and distinct role in controlling the expression of genes 

involved in cell differentiation and proliferation (J. Yang et al., 2013). 

To investigate the effects of treatment with BMP4 and LDN on the expression of these IDs 

and other BMP proteins in breast cancer cells, gene expression analysis was performed. 

BMP4 treatment resulted in a dramatic increase in ID1 and ID2 levels in MCF7 cells, 

whereas LDN treatment resulted in a significant decrease in ID1, ID2, and ID4 expression. 

The expression levels of BMP4, BMP6, BMPRIA, and BMPR2 were also analysed, but 

neither BMP4 nor LDN had a noticeable effect on them as shown in Figure 5.4 A. In 

contrast, in MDA-MB-231 cells, BMP4 treatment increased the expression of BMP6, ID1, 

and ID2. In contrast to the expression of other ID genes, which were increased by BMP4 

treatment and downregulated by LDN, ID4 expression was downregulated by BMP4 

treatment in MDA-MB-231 (Figure 5.4 B). In addition, there was a significant decrease in 

the expression of proliferation genes KI67 (p=0.0203) and PCNA (proliferating cell nuclear 

antigen) (p=0.0112) in BMP4-treated MCF7 cells. Although BMP4 treatment induced 

CCND1 expression (p=0.0111) in MCF7 cells, this effect appears to have been abrogated 

by the increase in CDKN1A (cyclin-dependent kinase inhibitor 1 A) expression (p=0.0019). 

Conversely, treatment with LDN increased the expression of KI67 (p=0.0333) and CCNE2 

in MCF7 cells. In MDA-MB-231 cells, the expression of CDKN1A (p= 0.0543) increased 

after LDN treatment (Figure 5.4 C). Thus, BMP4 treatment activates the canonical BMP 

signalling and its downstream effectors whereas LDN treatment significantly inhibits the 

BMP expression and the downstream effector molecules.  
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Figure 5.4:  BMP4 and LDN regulate downstream targets of BMP signalling. MCF7 and MDA-MB-231 

cells were lysed and processed for RNA isolation after being treated with BMP4(10ng/ml) and LDN(1µM/ml) 

for 18 hours. The RNA was reverse-transcribed into cDNA, and real-time PCR was performed to analyse 

changes in the downstream targeted gene. After normalising with GAPDH expression, the fold change in 

expression level was estimated using the Ct method. The bar graph displays the fold change in gene 

expression profiles of BMP4, BMP6, BMPR1A, BMPR2, ID1, ID2, and ID4 of A. MCF7 and B. MDA-MB-

231, whereas the heat map depicts fold change expression in Ki67, PCNA, CCND1, CCNE1, CCNE2, 

CCNB1, CDKN1A, RB1, RBL1, OCT4A, NANOG, SOX2, EPCAM, TRIM25, ERBB2, ITGA6 and ABCG2 of 

MCF7 and MDA-MB-231displyed in C. Values are mean ± SE, n=4 independent samples, *p<0.05, 

**p<0.005, ***p<0.0005. 

Although the BMP pathway was activated by BMP4 treatment in both MCF7 and MDA-

MB-231 and LDN downregulated or inhibited the effector gene expression, it produced a 

contradictory effect on the proliferation genes. Interestingly, while BMP4 treatment 
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increased the KI67 expression in MDA-MB-231 cells, it significantly downregulated KI67 

levels in MCF7 suggesting a context-dependent effect on the breast cancer cells. 

5.2.3 BMP4 regulates proliferation and self-renewal of breast cancer cells 

Given the fact that BMP4 or LDN treatment had a contradictory effect on the expression 

of proliferation-related genes, the role of BMP4 and LDN treatment in regulating the cell 

cycle profile was determined. Upon treatment with BMP4, the percentage of cells at the G1 

stage of the cell cycle was significantly high in MCF7 and SKBR3 cells whereas an increase 

in G1 percentage was observed in MDA-MB-231 when treated with LDN (Figure 5.5 A). 

To determine whether the cells at the G1 phase are quiescent or cycling, the percentage of 

cells at the G0 stage of the cell cycle was determined by KI67 staining. KI67 staining helps 

in differentiating the cycling and non-cycling cells, where cells that are quiescent or exited 

the cell cycle have low or negative KI67 expression (Figure 5.5 B). As expected, BMP4 

treatment significantly increased the G0 percentage in MCF7 and SKBR3 cells, whereas 

LDN treatment increased the percentage of cells at G0 in MDA-MB-231 cells (Figure 5.5 

C). These results suggest that BMP4 and LDN have opposite effects on cell growth, with 

BMP4 inhibiting growth in MCF7 and SKBR3 and LDN in MDA-MB-231. 

Furthermore, to understand the role of BMP4 in self-renewal and proliferation, BMP4 and 

LDN-treated breast cancer cells were analysed for their proliferation by cell counting. 

Treatment with BMP4 significantly inhibited cell proliferation reducing their cell number, 

whereas there was a significant increase in MDA-MB-231 cell number. Conversely, 

treatment with LDN, which inhibits BMP signalling, increased the MCF7 and SKBR3 cell 

numbers while that of MDA-MB-231 decreased. The cell numbers of MCF7 and SKBR3 

were not affected by simultaneous treatment with BMP4 and LDN, whereas MDA-MB-

231 showed a marked decrease, as shown in Figure 5.5 D. This suggests that LDN promotes 

proliferation in MCF7 and SKBR3, whereas BMP4 promotes proliferation in MDA-MB-

231. 
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C                                                                        D  

   

Figure 5.5: Impact of BMP4 and LDN on cell cycle and Ki67 staining. Using propidium iodide and Ki67 

staining, the variations in cell cycle phases were analysed. In addition to cell cycle analysis, alterations in 

cell number following treatment with BMP4(10ng/ml) and LDN(1µM/ml) for 48 hours were determined using 

the trypan blue method. A. Represents the percentage of cells in G1, S and G2 phases of cell cycle. B. 

Represents the density plot generated by flow cytometry analysis for G0 phase population by Ki67/PI staining 

and C. represents the percentage of G0 population in a graph and D. represents the changes in cell number 

of MCF7, SKBR3 and MDA-MB-231 when treated with BMP4 and LDN. In graph, CON represents untreated 

control. Values are mean ± SE, n=3-4 independent samples, *p<0.05, ***p<0.0005. 

To determine how BMP signalling regulates the 3D growth of breast cancer cells, a 

spheroid formation assay was performed in the presence of BMP4 and LDN. The breast 

cancer cells were allowed to form spheroids and their growth was monitored periodically. 

When treated with LDN alone or in combination with BMP4, MCF7 and SKBR3 cell lines 

showed increased spheroid growth, whereas treatment with BMP4 resulted in decreased 

spheroid size in MCF7, indicating reduced growth. Neither BMP4 nor LDN had any effect 

on the three-dimensional growth of MDA-MB-231, as shown in Figure 5.6. These findings 

suggest that BMP signalling is crucial for controlling cell development in three dimensions 

as well. 
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Figure 5.6: Effect of BMP4 and LDN on the growth of breast cancer spheroids. To ascertain the effect of 

BMP4(10ng/ml) and LDN(1µM/ml) on three-dimensional growths, breast cancer cells were seeded on agar-

coated wells, the spheroids were observed for 14 days, and the area covered by the spheroids was analysed 

with Fiji software. A. Displays spheroid images for left untreated (CON) or treated with BMP4, LDN or 

BMP4+LDN conditions (scale = 200 µm) and B. Displays the spheroid area of MCF7, SKBR3, and MDA-

MB-231 in percentage concerning their controls. Values are mean ± SE, n=5 independent samples, *p<0.05, 

**p<0.005, ***p<0.0005. 

To understand the effect of BMP signalling on the self-renewal ability of breast cancer 

cells, a clonogenic assay was performed with BMP4 and LDN-treated cells. The cells were 

either pre-treated with BMP4 and LDN for 48 hrs or the treatment period was extended to 

14 days for the entire duration of the colony formation assay (Figure 5.7 A). Treatment 

with both BMP4 and LDN diminished the colony formation ability of MCF7 cells; 

however, LDN treatment for 48 hr significantly increased the colony area. On the other 

hand, when the treatment with LDN was extended to 14 days, the colony area decreased 

significantly, and simultaneous treatment with BMP4 and LDN resulted in decreased 

colony number and area in MCF7 cells. In the case of SKBR3, treatment with BMP4 

significantly decreased the self-renewal ability as seen with the reduced colony number and 

colony area during 48 hr and 14 days of treatment. Conversely, treatment with LDN for 14 

days resulted in increased colony number, and simultaneous treatment with BMP4 and 

LDN for 14 days inhibited colony formation and colony area in SKBR3 cells.  

In MDA-MB-231 cells, however, treatment with BMP4 significantly increased the self-

renewal ability, and LDN treatment dramatically decreased the colony number and colony 

size. Co-treatment of BMP4 with LDN did not reverse the inhibitory effects of LDN on the 

colony-forming ability of MDA-MB-231 cells. Treatment of MDA-MB-231 with LDN for 

48 hr was sufficient to inhibit their self-renewal ability even in the presence of BMP4, 

making it an interesting option for inhibiting the self-renewal and proliferation ability of 

breast cancer cells represented by MDA-MB-231 cells (Figures 5.7 B and C).  
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Figure 5.7: Effect of BMP4 and LDN on colony formation assay. Breast cancer cells were treated with 

BMP4(10ng/ml) and LDN(1µM/ml) for 48 hours ("Pre") and 14 days ("Continuous") to evaluate their 

clonogenic capacity. Crystal violet solution was utilised for staining the colonies that had developed, and 

only those with 50 or more cells were considered to be actual colonies. Fiji software was used to measure 

colony size. A. Represents the colony images (left untreated (CON), or treated with BMP4, LDN or 

BMP4+LDN) (scale = 200 µm) and B. represents the graph indicating colony number, and C. represents the 

percentage of colony area calculated concerning their control condition for MCF7, SKBR3, and MDA-MB-

231 respectively. Values are mean ± SE, n=5-6 independent samples, *p<0.05, **p<0.005, ***p<0.0005. 
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Several reports suggest that the proliferation and self-renewal properties of cancer cells are 

related to their stemness. Stemness is defined as the ability of the cells to self-renewal and 

possesses a molecular signature for continuous proliferation. Breast cancer stem cells are 

defined as CD44+/CD24- and CD24+ indicates a Her2+ enriched tumour. To understand the 

role of BMP signalling in the stem-cell-like population of breast cancer cells, the expression 

of cell surface markers in the presence of BMP4 and LDN was analysed.  

                  A                                                                                                        

            B                                                                       C                                                    

 

 

 

 

 

 

 

Figure 5.8: Effect of BMP4 and LDN on cell surface markers. To assess alterations in cell surface markers, 

treated breast cancer cells with BMP4(10ng/ml) and LDN(1µM/ml) for 48 hours were incubated with 

fluorescently tagged antibodies CD44, CD24, EPCAM, and CD49f. Propidium iodide was also administered 

prior to flow cytometry analysis to discriminate between living and dead cells. The density figure in A. 

represents the fraction of the population that is CD44-/24+ in MCF7 and SKBR3, and CD44+/24- in MDA-

MB-231. B. Represents the percentage of the population that is CD44-/24+ in MCF7, SKBR3, and CD44+/24- 

in MDA-MB-231, as well as the mean fluorescence intensity for the CD49f marker in MDA-MB-231 

represented in C. Values are mean ± SE, n=3 independent samples, *p<0.05, **p<0.005. 

BMP4 treatment decreased the proportion of CD44-/CD24+ cells in MCF7, but neither LDN 

nor BMP4 co-treatment had any effect on the expression of the markers (Figure 5.8 A). In 

contrast, BMP4 and LDN co-treatment in SKBR3 showed an increase in the proportion of 

CD44-/CD24+ cells. The stem cell population in MDA-MB-231, as measured by 
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CD44+/CD24- cells, was downregulated by treatment with LDN alone or in combination 

with BMP4 (Figure 5.8 B). In addition, the expression of CD49f was reduced when MDA-

MB-231 was treated with LDN, however, expression was restored when BMP4 was added 

along with LDN (Figure 5.8 C). This indicates that BMP signalling plays a crucial role in 

regulating the expression of cell surface markers. 

Furthermore, to understand the functional changes observed with BMP4 or LDN treatment, 

gene expression analysis was performed for the breast cancer cells treated with either 

BMP4 or LDN. BMP4 significantly upregulated the expression of stem cell-related genes 

CD44 (p= 0.0455), aldehyde dehydrogenase 1A3 (ALDH1 A3) (p= 0.0171) and Notch 

signalling pathway genes NOTCH2 (p= 0.0276), NOTCH3 (p= 0.047), and DNER (Delta 

and Notch-like epidermal growth factor-related receptor) (p= 0.0003) in MDA-MB-231 

cells. In addition, the expression of EMT-related genes such as SNAI1 (p= 0.048), SNAI2 

(p= 0.0031) and FOSL1 (Fos-related antigen 1) (p= 0.0158) also increased in BMP4-treated 

MDA-MB-231 cells. In MCF7 cells, LDN treatment downregulated E-cadherin (CDH1) 

and upregulated N-cadherin (CDH2, p= 0.0133) transcript levels (Figure 5.9). Thus, the 

BMP pathway controls the expression of EMT and stem cell genes in breast cancer cells.  

 

 

Figure 5.9: BMP4 regulates stemness and migration-related genes. Using Real-time PCR, the effects of 

BMP4 and LDN on genes when cells were treated with BMP4(10ng/ml) and LDN(1µM/ml) for 18 hours 

analysed. In addition, the fold change of CD24, CD44, ALDH1A3, and FOSL1 genes associated with 

sameness, CDH1, CDH2, SNAI1, SNAI2, VIMENTIN, RHOA, RAC1, FSCN1, MMP1, MMP9, TIMP2 and 

TIMP3 genes associated with migration, and NOTCH1, NOTCH2, NOTCH3, and DNER genes associated 

with notch signalling were determined. After normalising the gene of interest with GAPDH, a heat map was 

generated and displayed as shown in the image above. Values are mean ± SE, n=3 independent samples. 

5.2.4 BMP4 modulates migration and EMT 

Since BMP signalling modulated the expression of EMT genes, the role of BMP4 and LDN 

treatment in regulating the migration of breast cancer cells was determined. Firstly, changes 

in the actin cytoskeleton arrangement upon BMP4 and LDN treatment were determined. It 

is known that changes in actin organisation are one of the important aspects of cell 
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migration, as actin is directly involved in attachment and detachment via a variety of 

membrane protrusions. Neither BMP4 nor LDN significantly affected actin cytoskeleton 

organization in MCF7 cells. However, MDA-MB-231 cells treated with BMP4 formed a 

spindle-shaped morphology with increased polarization as represented in Figure 5.10. 

Polarisation caused by BMP4 treatment indicates its role in cell membrane protrusion or 

contraction. 

 

Figure 5.10: Effect of BMP4 and LDN on the actin cytoskeleton. To observe the effect on actin arrangement 

and organisation, treated MCF7 and MDA-MB-231 cells with BMP4 (10ng/ml) and LDN (1µM/ml) for 48 

hours were processed, fixed, and stained with fluorescent-conjugated Phalloidin-TRITC (Red) which stains 

F-actin and DAPI (Blue) to identify the nuclear localization in cells. The white arrows indicate the 

polarization of the cells and the white line in the images represents the scale bar (50μm). 

The migration of breast cancer cells was investigated by wound healing assay as well as 

through spheroid migration assay. MCF7 cells did not respond to treatment with BMP4 or 

LDN, but MDA-MB-231 showed a decrease in a migration after treatment with LDN and 

an increase in migration after treatment with BMP4 in the wound healing migration assay 

(Figure 5.11 A and B). 

To understand how the BMP signalling modulates the invasion of cells in a collagen matrix, 

a spheroid migration assay was performed. When MCF7 cells were treated with LDN, 

migration was enhanced, as evidenced by a larger area occupied by the cells, whereas 

treatment with BMP4 slightly decreased the migration ability. Also, in cell line MDA-MB-

231, the migration ability increased when BMP4 was added and decreased when LDN was 

added. However, the data obtained were not statistically significant. Moreover, the 

combination treatment of BMP4 and LDN showed no discernible effect in either of the cell 

lines as shown in Figure 5.12 A and B. This indicates that comparable to wound healing, 

the invasive potential of only MDA-MB-231 was altered in the presence of BMP4, whereas 

the effects of BMP4 on MCF7 remain unclear. 
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A                                                                        B                                                       

 

 

 

 

 

 

 

Figure 5.11: Effect of BMP4 and LDN on 2D migration. An assay for wound healing in which a scratch 

was produced and cells were allowed to move into the scratched area. Cell mobility in the presence of 

BMP4(10ng/ml) and LDN(1µM/ml) suggests chemotactic cell migration The area covered by cells in 44 

hours in MCF7 and 20 hours in MDA-MB-231 was calculated using T-scratch software and speed was 

calculated using a formula mentioned in the materials and methodology section. A. Represent the images of 

the wound healing assay (left untreated (CON), or treated with BMP4, LDN or BMP4+LDN) and B. is a 

graphical representation of the migration speed of MCF7 and MDA-MB-231 cells under different conditions. 

The black line in images represents the scale bar of 200µm. Values are mean ± SE, n=3 independent samples, 

*p<0.05, **p<0.005. 

A                                                                         B  

 

Figure 5.12: Effect of BMP4 and LDN on 3D migration. The invasive potential of breast cancer in the 

presence of BMP4(10ng/ml) and LDN(1µM/ml) was also evaluated by transferring preformed spheroids to 

a flat-bottomed plate and permitting them to invade the collagen matrix. The area covered by the migratory 

cells in 36 hours of MCF7 and 60 hours in MDA-MB-231 from the spheroids was calculated using Fiji 

software. A. Represents the images of spheroid migration (left untreated (CON), or treated with BMP4, LDN 

or BMP4+LDN) and B. represents the graph of the area covered by migrating cells of each treatment 

condition calculated against their respective controls. The black line in images represents the scale bar 

(200µm). Values are mean ± SE, n=5 independent samples, not significant (ns), p>0.05 

Two important proteins that aid in controlling the epithelial-mesenchymal transition are E-

cadherin and N-cadherin. Cells grown as 3D spheroid in the presence of either BMP4 or 

LDN were analysed for the expression of the cadherin. Both LDN and co-treatment of LDN 

and BMP4 decreased the expression of E-cadherin in MCF7. In MDA-MB-231 cells, the 
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expression of N-cadherin increased by BMP4 treatment and simultaneous treatment with 

LDN, as shown in Figure 5.13 A and B.  

A                                                              B                                   C                                          

D                                                                E 

 

Figure 5.13: Effect of BMP4 and LDN on the expression of cadherin. Using Western blot, flow cytometric, 

and immunocytochemical staining, the expression of cadherins was determined. E-cadherin and N-cadherin 

are the two most important proteins implicated in the EMT transition; consequently, the expression of these 

proteins was evaluated using a variety of techniques after treating breast cancer cells with BMP4(10ng/ml) 

and LDN(1µM/ml) for 48 hours. A. Represents the western blot image of E-Cadherin (~110 KDa), pERK1/2 

(~42-44 KDa), and GAPDH (~37 KDa) expression in MCF7 and N-cadherin (~140 KDa), pERK1/2 (~42-44 

KDa), and GAPDH (~37 KDa) in MDA-MB-231 and, followed by B. Indicates fold change in E-cadherin in 

MCF7 C. represents normalized MFI of N-cadherin expression. D. Represents the histogram of N-cadherin 

expression where black peaks represent the unstained sample for respective treatment conditions and 

coloured peaks represent the stained samples of Control, BMP4, LDN and BMP4+LDN-treated conditions 

in MDA-MB-231 E. Immunocytochemistry images of MCF7 where green colour indicates E-cadherin and 

blue colour represents the nucleus. The white line in the images represents the scale bar (20 μm). Values are 

mean ± SE, n=3 independent samples, *p<0.05, **p<0.005, ***p<0.0005. 

In addition, flow cytometric analysis showed that LDN and co-treatment with BMP4 

decreased N-cadherin expression in MDA-MB-231 (Figure 5.13 C and D). When MCF7 

were stained for E-cadherin, BMP4 treatment resulted in diffuse expression of E-cadherin 

throughout the cytoplasm, as shown in Figure 5.13 E.  
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5.2.5 BMP4 in anoikis resistance 

During metastasis, the cells detach from their extracellular matrix, they undergo 

programmed cell death known as anoikis. When cancer cells avoid their programmed death 

signals, this phenomenon is referred to as anoikis resistance, and the cells themselves are 

called anoikis-resistant cells. Since anoikis resistance is an important aspect of cancer 

metastasis, its relationship with BMP signalling in breast cancer cells was investigated. 

Breast cancer cells were cultured in an anchorage-independent suspension culture, and then 

cell viability was determined. SKBR3 cells showed no response to BMP4 and LDN 

treatment, as no significant change in cell number was observed (Figure 5.14 A). However, 

BMP4 therapy resulted in a slight decrease in the percentage of viable cells (Figure 5.14 

B). In contrast, MDA-MB-231, LDN treatment and co-treatment with BMP4 significantly 

reduced the number of cells and the percentage of viable cells. This data indicates that the 

anoikis resistance of SKBR3 and MDA-MB-231 cell lines is differentially regulated by 

BMP signalling. 

      A                                                                     B  

 

Figure 5.14: Effect of BMP4 and LDN on survival of anchorage-independent cultured cells. Cell survival 

in non-adherent conditions was assessed using the trypan blue method to determine cell number and the 

propidium iodide staining method to determine the percentage of live and dead cells. The graph above depicts 

the number of cells in A. and the percentage of live cells in B. for both the SKBR3 and MDA-MB-231 cell 

lines when treated with BMP4(10ng/ml) and LDN(1µM/ml) for 48 hours. Values are mean ± SE, n=3 

independent samples, *p<0.05. 

To understand further the effect of BMP4 and LDN on the anoikis resistance of breast 

cancer cells, cells grown in anchorage-independent conditions were analysed for their cell 

surface marker expression. A decrease in the percentage of CD44+/CD24- and 

CD44+/EpCAM-  populations was observed in MDA-MB-231 cells treated with LDN 

(Figure 5.15 A), whereas CD49f expression increased after treatment with BMP4 (Figure 
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5.15 B). The fact that LDN treatment reduced stem cell marker expression while BMP4 

treatment enhanced CD49f expression suggests that BMP signalling is important in 

maintaining the stemness of anoikis-resistant cells. 

                  A                                                           B 

                                                                                  
Figure 5.15: Effect of BMP4 and LDN on the phenotype of anchorage-independent cultured cells. The 

expression of cell surface markers was examined further in non-adherent cell cultures. The cells were seeded 

along with BMP4(10ng/ml) and LDN(1µM/ml) for 48 hours and stained with antibodies against CD44, 

CD24, EPCAM, and CD49f that were fluorescently tagged. Using two distinct fluorescence at once, the 

percentage of the double-positive/negative population was determined, and normalised MFI was calculated 

by normalising the fluorescence intensity of treated samples versus the fluorescence intensity of unstained 

samples. Graph A. represents the percentage of CD44+/24- and CD44+/EpCAM- cells and B. represents the 

MFI of CD49f expression in MDA-MB-231. Values are mean ± SE, n=3 independent samples, *p<0.05, 

**p<0.005. 

 

To confirm the importance of BMP signalling in anoikis resistance, the clonogenic potential 

of breast cancer cells was also assessed. To address this, cells were grown under anchorage-

independent conditions in the presence of BMP4 or LDN. The "pre-treated cells" (PRE-

TR) refers to cells treated with BMP4 or LDN for 48 hours under anoikis conditions, and 

"continuously treated cells" (CONTI-TR) refers to cells that were additionally treated with 

BMP4 or LDN during colony formation (Figure 5.16 A). In MCF7, a decrease in both 

colony number and colony area was observed with both LDN and BMP4 treatment. 

However, when treated continuously with LDN and BMP4+LDN, a significant decrease in 

colony number and area was observed. SKBR3 responded very differently in this regard.  

Treatment with LDN alone or with BMP4+LDN increased colony numbers under both 

"pre" and "continuous' conditions. At the same time, the colony area increased dramatically 

under both conditions, although it was slightly lower under continuous treatment. 

Furthermore, treatment with BMP4 did not affect the clonogenic capacity of SKBR3. 

Under anoikis conditions, treatment of MDA-MB-231 cells at both PRE-TR and CONTI-

TR conditions with BMP4 resulted in increased colony numbers. Colony area also 

increased, although to a lesser extent at CONTI-TR compared with PRE-TR. 
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                  A  

                  B  

                  C 

 

Figure 5.16: Effect of BMP4 and LDN on colony formation assay of anoikis-resistant cells. Non-adherent 

cells cultured in the presence of BMP4(10ng/ml) and LDN(1µM/ml) were tested for anoikis resistance. BMP4 

and LDN were given to pre-treated cells for 48 hours; continuous therapy (14 days) included treatment until 

the end of the experiment. Crystal violet solution was used to stain the colonies, and colonies with at least 50 

cells were considered intact. Colonies were counted and the area was measured using Fiji software. A. 

Represents the colony images of left untreated (CON), or treated with BMP4, LDN or BMP4+LDN conditions 

(Scale bar = 200µm) and B. represents the graph of colony number and C. the colony area for MCF7, SKBR3 

and MDA-MB-231 in percentage. Values are mean ± SE, n=5-6 independent samples, *p<0.05, **p<0.005, 

***p<0.0005. 
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Similarly, LDN or co-treatment with BMP4 resulted in a decrease in colony number and 

colony area, but the effect was more pronounced with continuous treatment (Figure 5.16 B 

and C). Thus, BMP regulated the anoikis resistance properties of breast cancer cells and 

treatment with either BMP4 or LDN can either increase or decrease the anoikis resistance 

ability based on the cell type. The cancer cells activate survival signals to overcome the 

anoikis conditions during metastasis, while the cells are circulating through the circulatory 

or lymphatic system. The BCL2 (B-cell lymphoma 2) protein family is critical for the 

regulation of apoptosis. BCL2 protein inhibits apoptosis by maintaining the integrity of the 

mitochondrial membrane as its hydrophobic carboxyl-terminal domain is attached to the 

outer membrane (Neinavaie, et al., 2021).     

                          A                                                    B  

 

Figure 5.17: Effect of BMP4 and LDN on the protein expression of anchorage-independent cultured cells. 

Protein lysates from anchorage-independent cells treated with BMP4(10ng/ml) and LDN(1µM/ml) for 48 

hours were used in the western blot analysis. The lysate was put onto an acrylamide gel before being 

transferred to a nitrocellulose membrane. After blocking, the membrane was incubated with primary and 

secondary HRP-conjugated antibodies. A detection and representation of the chemiluminescence produced 

by the chemical reaction between the HRP and the ECL substrate are shown above. A. The blots represent 

the expression of β-catenin (~92 KDa), pSMAD1/5 (~55 KDa), pERK1/2 (~42-44 KDa), BCL2 (~26 KDa), 

and GAPDH (~37 KDa) in MDA-MB-231 and B. the graph represents the fold change in BCL2 expression. 

Values are mean ± SE, n=4 independent samples, *p<0.05, **p<0.005.   

Therefore, BCL2 expression in anchorage-independent conditions during treatment with 

BMP4 and LDN was determined by immunoblotting. BCL2 expression increased 

significantly under BMP4 and BMP4+LDN treatment conditions, whereas LDN treatment 

did not affect BCL2 expression in MDA-MB-231 cells (Figure 5.17 A and B). Interestingly, 

the expression of β-catenin and pERK1/2 were not affected by BMP4 or LDN treatment. 

These results confirm that BMP signalling improves cell survival by increasing BCL2 

expression in MDA-MB-231 cells. 

 

TH-3254_156106045



Chapter 5                                                 BMP4 Signalling in Breast Cancer Progression 

106 
 

5.2.6 LDN193189 diminishes chemoresistance and proliferation on stromal cells 

Chemoresistance is the next stage of cancer development, where cancer cells develop 

resistance to chemotherapy drugs that lead to excessive proliferation of the cancer cells 

even in the presence of chemotherapeutic drugs. Experiments were carried out in the 

presence of doxorubicin, a well-known chemotherapy drug that inhibits the topoisomerase 

enzyme that unwinds the DNA during replication. The role of BMP4 and LDN in the 

chemosensitization of breast cancer cells was investigated by treating them with 

doxorubicin in combination with BMP4 and LDN. Cell survival and viability were 

assessed, and the combination of LDN and doxorubicin reduced the viable cell number in 

MCF7. In SKBR3, treatment with BMP4 in combination with doxorubicin increased cell 

viability. When MDA-MB-231 cells were treated with LDN in combination with 

doxorubicin, a decrease in proliferation and cell number was observed (Figure 5.18 A and 

B).  

A                                                                       B  

 

Figure 5.18: Effect of BMP4 and LDN on survival of doxorubicin-treated cells. Cell survival of doxorubicin 

treated in combination with BMP4(10ng/ml) and LDN(1µM/ml) for 48 hours was assessed using the trypan 

blue method to determine cell number and the propidium iodide staining method to determine the percentage 

of live and dead cells. The above graph A. represents the change in cell number and B. depicts the percentage 

of live cells in MCF7, SKBR3 and MDA-MB-231 respectively. Values are mean ± SE, n=4 independent 

samples, *p<0.05, not significant (ns), p>0.05 

The chemosensitivity of breast cancer cells was further evaluated using a three-dimensional 

spheroid assay, as it is conceivable that a particular chemotherapeutic agent can affect 2D 

and 3D cultures differently. For this purpose, cancer cell lines were seeded with BMP4 and 

LDN in combination with doxorubicin to form spheroids. Three-dimensional growth was 

monitored at regular intervals by measuring spheroid size. Regardless of the cell line, 

treatment with doxorubicin resulted in a significant reduction in spheroid size. In MDA-

MB-231 spheroids, co-treatment with doxorubicin and LDN or BMP4+LDN resulted in 
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smaller spheroids. In contrast, the spheroid size of MCF7 cells increased when treated with 

LDN and doxorubicin, whereas the spheroid size of SKBR3 decreased when treated with 

BMP4 and doxorubicin (Figure 5.19 A and B).  

                     A 

 

                     B  

 

Figure 5.19: Effect of BMP4 and LDN on chemosensitivity of spheroids. The chemosensitivity of breast 

cancer cells was also assessed in a three-dimensional environment, where cells were cultured in the presence 

of doxorubicin(5µM/ml), BMP4(10ng/ml) and LDN(1µM/ml) for 17 days to see if the supplied substances 

(BMP4 and LDN) may confer chemoresistance. The spheroids were monitored, and photos were collected 

every four days. The area covered by the growing spheroids was analysed using Fiji software. A. Represents 

the spheroid images of left untreated (CON), or treated with BMP4, LDN or BMP4+LDN and B. Represents 

the spheroid area of MCF7, SKBR3 and MDA-MB-231 under each treatment calculated as the percentage of 

the area of their respective controls. The black line in images represents the scale bar (200µm). Values are 

mean ± SE, n=5 independent samples, **p<0.005, ***p<0.0005. 

Thus, modifying the BMP signalling chemosensitizes the breast cancer cells to the 

chemotherapeutic drug, doxorubicin. To determine whether BMP signalling can modulate 

the chemosensitivity of anoikis-resistant cells, breast cancer cells were cultured under 

anchorage-dependent anoikis-inducing conditions. The cells were treated with BMP4, and 

LDN in the presence of doxorubicin for 48 hr and the resulting cells were tested for their 

colony-forming ability. This is to simulate the secondary growth of breast cancer cells 

during chemo-drug treatment during activation or inhibition of BMP signalling. The ability 
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of MDA-MB-231 cells to form colonies was completely abolished when treated with LDN 

and doxorubicin. However, BMP4 treatment enabled the cells to resist doxorubicin 

treatment, allowing them to form an increased number of colonies and larger colonies 

compared to the control cells.           

         A 

 

         B                                                            C   

 

Figure 5.20: Effect of BMP4 and LDN on chemosensitivity of anoikis-resistant cells. The chemosensitivity 

of anoikis-resistant cells was assessed after they were exposed to doxorubicin(5µM/ml), BMP4(10ng/ml) and 

LDN(1µM/ml) in non-adherent conditions and allowed to form colonies for 14 days. The combination of 

BMP4 and doxorubicin lowered the chemosensitivity of breast cancer cells, as evidenced by a high colony 

number. The colonies were stained with crystal violet solution, and their area was measured using Fiji 

software. A. Represents the colony images left untreated (UNTR), or treated alone with Dox (CON), or treated 

with BMP4, LDN or BMP4+LDN in conjunction with Dox and (Scale bar = 200µm) and B. represents the 

graph of colony number and C. the colony area for MDA-MB-231 cells. Values are mean ± SE, n=3 

independent samples, *p<0.05, **p<0.005, ***p<0.0005. 

When doxorubicin was administered under BMP4+LDN conditions, the inhibitory effect 

of LDN was partially reversed, resulting in the formation of colonies, albeit in smaller 

numbers than with BMP4+doxorubicin treatment (Figure 5.20). 
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Bone marrow is one of the primary sites of metastasis for breast cancer cells. To analyse 

whether the presence of BMP4 or LDN can modulate the metastatic loci formation ability 

of breast cancer cells, breast cancer cells were first cultured under anoikis conditions. 

During anoikis culture, the cells were treated with either BMP4 or LDN and the resulting 

cells were allowed to proliferate on the bone marrow stromal layer. The ability of the cells 

to form colonies in the bone marrow microenvironment was analysed. 

A                                                                                       B    

 

Figure 5.21: Effect of BMP4 and LDN on bone metastasis of anoikis-resistant cells. The in vitro metastatic 

potential of breast cancer cells treated with BMP4(10ng/ml) and LDN(1µM/ml) for 48 hours in a non-

adherent environment was assessed by co-culturing these cells with stromal cells derived from bone marrow 

samples. Using a microscope, the number of colonies generated by these breast cancer cells resistant to 

anoikis was determined. A. Represents the colony images of MCF7 and MDA-MB-231 of left untreated 

(CON), or treated with BMP4, LDN or BMP4+LDN formed on stromal cells (Scale bar = 200µm) and B. 

represents the graph of the colony number under each condition. Values are mean ± SE, n=12 independent 

samples, *p<0.05, ***p<0.0005. 

Both MCF7 and MDA-MB-231 formed more and larger colonies upon treatment with 

BMP4. However, LDN treatments significantly reduced the colony-forming ability, with 

the cells forming fewer and smaller colonies compared to the control untreated cells (Figure 

5.21). Taken together, these data suggest that activation of BMP signalling induces anoikis 

resistance and supports metastatic growth of breast cancer cells which can be effectively 

controlled by inhibiting the BMP signalling.  

5.2.7 BMP4 expression correlates with EMT genes in breast cancer patient samples 

To determine the relevance of our results with the model breast cancer cell lines in the 

patients, the expression of BMP4 and genes related to proliferation, EMT, etc. were 

determined. For this, patient samples belonging to different subtypes based on their 

hormone receptor expression were analysed for the expression of different gene sets. BMP4 

expression was significantly high in ER-/PR- tumours regardless of Her2 expression 

(Figure 5.22 A). Furthermore, BMP4 mRNA expression showed a positive correlation with 
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EMT (epithelial-mesenchymal transition)-related genes such as SNAI2 (p=0.0086), CDH2 

(p=0.049), RHOA (p = 0.006), MMP9 (matrix metallopeptidase 9) and ALDH1 A3 (p= 

0.011) (Figure 5.22 B).  

A                                                                 B 

 

Figure 5.22: BMP4 expression correlates with EMT genes. The expression of BMP4 in patient samples 

classified based on ER, PR, and Her2 expression was analysed by real-time PCR. A. represents the graph, 

where each open circle symbolizes an individual sample, and the line represents the median value. B. 

Heatmap of bivariate Pearson correlation coefficient values for the indicated genes in patient samples. n=6 

independent samples (ER+ PR+ - 3 samples; ER−PR− - 3 samples), *p<0.05, **p<0.005, ***p<0.0005. 

Thus, BMP signalling modulates the various aspects of cancer cells such as proliferation, 

EMT, anoikis resistance, chemoresistance and the ability to form colonies in the bone 

marrow microenvironment.  
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5.3 Discussion 

This chapter describes the role of BMP4 signalling in breast cancer progression. BMP4 was 

found to control multiple aspects of cancer cells including their proliferation, EMT, anoikis 

resistance and chemoresistance. Breast cancer model cell lines MDA-MB-231, MCF7 and 

SKBR3 were utilized to understand how the BMP signalling regulates cancer progression 

and how it can be modulated for therapeutic purposes. Breast cancer patient samples were 

analysed to corroborate the results obtained with the breast cancer cell lines. The paracrine 

action of BMP4, which may be secreted by the tumour microenvironment (Cao et al., 2014) 

in breast cancer, was simulated by the exogenous addition of recombinant human BMP4. 

The BMP signalling pathway was inhibited by BMP receptor inhibitor LDN. Blood 

samples from patients with advanced breast cancer have been shown to have higher levels 

of BMP4 and BMPRII expression (Gul et al., 2015) compared to the control group, 

somewhat similar to what was seen with MDA-MB-231, a triple-negative breast cancer cell 

line, which showed high levels of BMPRII and BMP4 expression.  

 In the current study, BMP4 was found to have a cell-type-specific effect (Kallioniemi, 

2012; Klumpe et al., 2022); it dramatically reduced the proliferation of MCF7 and SKBR3 

accompanied by an increase in the percentage of cells at the G0 stage of cell cycle and 

increased CDKN1A expression. The proliferative effect observed in MCF7 was similar to 

that reported by Shee et al, that BMP4 inhibits the growth of ER+ tumours in patients with 

breast cancer (Shee et al., 2019).  

BMP4 generally modulates the proliferation and invasion of breast cancer by a canonical 

signalling route (Owens et al., 2013; Gang Yan et al., 2021). Chordin-like 1, a well-known 

BMP4 antagonist found to be increased in numerous breast cancer patients, blocks the 

migration and invasion generated by BMP4  (Cyr-Depauw et al., 2016). Another piece of 

research has shown that BMP4 plays an important part in the migration process (Ampuja 

et al., 2016a; Guo et al., 2012). Similarly, It has been demonstrated that BMPs encourage 

the migration of neural crest cells (Kanzler et al., 2000), which are crucial in the formation 

of the nervous system. On the other hand, BMPs can block the migration of smooth muscle 

cells (Dorai et al., 2000), which is crucial for the prevention of certain cardiovascular 

disorders. The breast cancer cell line MDA-MB-231 was able to migrate and invade more 

easily when exposed to BMP4 (Ampuja et al., 2016a), which was accompanied by an 

increase in the expression of EMT genes N-cadherin, SNAI1, SNAI2, and FOSL1, all of 
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which were blocked by LDN treatment. In contrast to this, one of the findings indicated 

that BMP4 reduces breast cancer propagated in animal models via Smad7 (Eckhardt et al., 

2020a). Similarly, Cao et al, observed that the reduction of myeloid-derived suppressor cell 

activity at the tumour site reduced the metastasis of mouse mammary cancer cells 

overexpressing BMP4 (Cao et al., 2014).  

The study conducted by Ampuja et al. presents evidence indicating that the injection of 

BMP4 leads to an earlier occurrence of bone metastases in comparison to the control group 

(Ampuja et al., 2016b). Likewise, the suppression of bone morphogenetic protein (BMP) 

signalling by utilising Noggin has been reported to hinder the spread of breast cancer cells 

to the bone, where the metastatic process is predominantly supported by the activity of 

FOFX2 (Wang et al., 2019). Another study corroborated the evidence that eliminating 

BMP4 from breast cancer cells, or administering a BMP signalling inhibitor, successfully 

inhibited the development of osteoclasts in bone metastases and decreased the activity of 

the Fam20C-regulated pathway (Zuo et al., 2021). In contrast, a distinct inquiry uncovered 

that when BMP4 acted as an autocrine mediator, it suppressed the dissemination of breast 

cancer cells to both the skeletal system and respiratory organs. This was accomplished by 

activating the BMP-SMAD7 signalling pathway (Eckhardt et al., 2020b). Additionally, a 

distinct inquiry has revealed that the inhibition of BMP4-Smad1/5, achieved by a positive 

feedback mechanism involving YAP1-Notch1, promotes the development of lung 

metastasis in breast cancer cells (Zhao et al., 2022). Therefore, data suggests that the 

autocrine BMP signalling inhibits metastasis, while the paracrine effect of BMP signalling 

promotes cancer cell mobility and metastasis. 

Anoikis resistance is an indispensable requirement for cancer metastasis, which 

necessitates the hyperactivation of survival pathways and anti-apoptotic genes such as Mcl-

1, Bcl-xL, and Bcl2. (Kim et al., 2012). This is precisely why for example, in the case of 

prostate cancer, researchers have begun to focus on anoikis resistance to halt the spread of 

the malignancy (Sakamoto & Kyprianou, 2010). Alternatively, BMPs can potentially have 

pro-anoikis effects. BMPs have also been demonstrated to increase cancer cell sensitivity 

to apoptosis by suppressing anti-apoptotic gene expression.  BMP4 dramatically increased 

the survival of metastatic MDA-MB-231 cells under anoikis conditions via BCL2 

overexpression, showing the importance of BMP signalling in the establishment of 

metastases. Furthermore, the functional effect of BMP4 extends beyond migration, 

invasion, and EMT, and the BMP pathway has also contributed to chemoresistance in many 
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types of malignancies.  The function of BMP4 in chemoresistance was further reinforced 

by Ma et al (J. Ma et al., 2017), who showed that liver cancer cells have the potential to 

develop resistance to oxaliplatin by the EMT pathway. By suppressing the expression of 

drug-resistance genes, however, BMPs have been demonstrated to sensitise cancer cells to 

chemotherapy drugs. BMPs have also been discovered to promote apoptosis in 

chemotherapy-treated cancer cells, hence increasing the efficacy of chemotherapy. 

According to the findings of our research, BMP4 improved stem cell characteristics in 

MDA-MB-231 cells. This was demonstrated by an increase in the expression of CD44, 

ALDH1A3, and Notch signalling genes NOTCH2, NOTCH3, and DNER (Park et al., 2019). 

Notch signalling promotes the migration, metastasis, and therapy resistance of breast cancer 

cells (Giuli et al., 2019; Zhang et al., 2019). Notch inhibitors have anti-tumour effects, and 

breast cancer cells benefit from these inhibitors. 

When BMP4 was present during doxorubicin treatment, it enhanced the colony-forming 

potential of MDA-MB-231 cells, whereas treatment with LDN completely eradicated 

colony formation ability in these cells. According to the findings of one of the studies, 

blocking BMP signalling with the drug LDN-214117 led to a reduction in cell viability 

seems to support our finding (Mihajlović et al., 2019). Therefore, the possibility of breast 

cancer cells surviving and, consequently, the risk of the disease recurring may be greatly 

increased by the presence of BMP4 in the microenvironment of the tumour.   

Although previous research has demonstrated that BMP4 may operate as a metastasis 

suppressor (Eckhardt et al., 2020a), our findings imply that paracrine BMP4 may increase 

the metastatic potential of triple-negative breast cancer cells, particularly in the bone 

(Ampuja et al., 2016a). However, exogenous BMP4 may have therapeutic effects for 

decreasing proliferation in breast tumours with luminal-like characteristics (Shee et al., 

2019). Our observations further suggest that the response of breast cancer cells to BMP4 

may be mediated by the BMP receptor expression levels (Lowery & de Caestecker, 2010) 

and the presence of BMP antagonists in the tumour microenvironment.  
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5.4 Conclusion 

BMPs can regulate the expression of genes involved in cancer cell survival, resistance to 

apoptosis, and chemoresistance through interactions with other signalling pathways. BMP4 

influences breast cancer development and has a context-dependent role in breast cancer 

progression. Our findings suggest that LDN can inhibit cancer progression, and combined 

with the scarcity of treatments for triple-negative breast cancer, suggest that future 

therapeutics could investigate the possibility of disrupting BMP signalling to prevent breast 

cancer invasion and metastasis (Figure 5.23). 

 

Figure 5.23: Conclusive remark of BMP signalling in breast cancer cells. 
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RHOA and Wnt Signalling in Breast Cancer 

Progression  

6.1 Introduction 

BMP signalling was found to regulate several aspects of cancer cells including 

proliferation, anoikis resistance and chemoresistance. However, to understand the 

signalling pathways that control migration and invasion, an important step in metastasis, 

RHOA signalling was studied. In addition, the role of the Wnt signalling pathway, which 

controls several aspects of cancer cells, was also explored.  

RHO-ROCK signalling can be activated by several upstream targets in cells, but the non-

canonical Wnt signalling pathway can also control RHO-ROCK signalling. Thus, RHOA 

and Wnt signalling pathways were studied simultaneously to understand the cancer 

progression and identify therapeutic targets for metastatic breast cancer. The expression 

profiles of RHOA and -catenin showed that the level of RHOA expressed by MCF7 and 

SKBR3 is comparable, however, no -catenin expression could be identified in SKBR3. In 

this study, two breast cancer cell lines MCF7 and MDA-MB-231 were utilized to 

understand RHOA and WNT/-catenin signalling. 

Several studies have documented the role of RHO-ROCK and Wnt signalling in the 

development of cancer. The primary function of RHO-ROCK signalling is the maintenance 

of the actin cytoskeleton in cells. The RHO family members also control cell migration; 

during migration, high Rac1 and low cdc42 maintain the formation of lamellipodia and 

filopodia (protrusion at the posterior end), whereas RHOA in association with mDIA and 

ROCK facilitate retraction at the anterior and posterior ends, respectively. In addition, 

RHO-ROCK and cdc42-MRCK aid in the collective mobility of cells. The function of RHO 

GTPases in controlling migration, proliferation, and metastasis, has been extensively 

investigated (Humphries et al., 2020). Inhibiting RHOA reduces the production of 

oestrogen receptors, resulting in the suppression of ER-positive malignancies (Rosenblatt 

et al., 2011). Similarly, studies on anoikis resistance in colon cancer show that RHO-ROCK 

and p38MAPK are the main targets of anoikis resistance, which motivates us to investigate 

the function of RHOA in anoikis resistance (Tanaka et al., 2013).  
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Wnt signalling is well-known for its essential role in embryogenesis; however, disruption 

in the signalling has been associated with numerous malignancies, including breast cancer. 

Both canonical and non-canonical Wnt signalling has been implicated in controlling 

various cellular processes. In canonical signalling, -catenin translocate to the nucleus to 

control the transcription of genes related to proliferation, differentiation, apoptosis, and 

survival. The non-canonical Wnt signalling communicates via RHO-ROCK, which 

regulates migration, and calcium-dependent planar cell polarity, and supports myogenesis, 

cardiogenesis, and other processes 

Since Wnt signalling can regulate RHO-ROCK signalling, we chose to examine both the 

canonical and non-canonical Wnt signalling pathways. Initially, the function of RHOA 

signalling was examined by treating MCF7 and MDA-MB-231 cells with Y27632 

(inhibitor of ROCK), a downstream target of Rho-ROCK signalling, to determine its effect 

on cell proliferation, migration, and anoikis-resistance. To understand these signalling 

pathways further, RHOA and -catenin was silenced by the lentiviral method and their 

effect on the breast cancer cells was determined. 
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6.2 Results 

6.2.1 ROCK inhibitor influences the function of breast cancer cells 

Y27632 inhibits ROCK-I and ROCK-II kinase activity by preventing them from binding 

to their catalytic site. Breast cancer cells were treated with Y27632 at a concentration of 10 

μM/ml for 48 hours for the given study. The treated cells were then subjected to a series of 

experiments to determine the effect of Y27632 on cancer cells. 

The microscopic images revealed that the Y27632 treatment caused morphology changes 

in MCF7 and MDA-MB-231 cells. As shown in Figure 6.1, the MCF7 cells acquired a 

morphology characterised by the increased protrusion, while the MDA-MB-231 cells 

developed a more spike-like structure. The depicted morphological images demonstrate 

that treatment with Y27632 reduces the cytoplasmic volume and matrix attachment of cells. 

 

Figure 6.1: Effect of ROCK inhibitor on the morphology of cells. To observe the effect of ROCK inhibitor 

on morphology, cells were treated with Y27632 (10µM/ml) for 48 hours and images were taken using a 

microscope. The morphology of MCF7 and MDA-MB-231 left untreated (control) or Y27632 treated 

conditions are shown in the illustrations. The black line in the images represents the scale bar (100µm). 

6.2.1.1 ROCK inhibition regulates clonogenic potential  

Next, a colony formation assay was conducted to comprehend the significance of ROCK 

inhibitor on aspects of cell proliferation. An increase in colony number was observed in 

MCF7 in both pre and continuous treatment; however, the increase was substantially 

greater after continuous treatment. Similarly, treatment with Y27632 for 48 hours increased 

the colony number in MDA-MB-231; meanwhile, continuous treatment did not change the 

colony formation ability When treated with Y27632, MCF7 produced larger colonies, 

whereas the colony size was not altered during the treatment in MDA-MB-231. Count and 
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area measurements indicate that Y27632 treatment accelerated the proliferation of MCF7 

cells, whereas the effect of Y27632 on MDA-MB-231 is time-dependent (Figure 6.2). 

                              A 

B                                                                        C                                                                                 

 

Figure 6.2: Effect of ROCK inhibitor on colony formation potential. To understand proliferation, the colony 

assay was carried out in the presence of Y27632 (10µM/ml) for 48 hours (referred to as “Pre”) and 14 days 

(referred to as “Continuous”). After successful incubation, the colonies were fixed and stained with a crystal 

violet solution. Colonies were counted using a microscope and the area was measured using Fiji software. 

A. Represents the colony images of left untreated (control) or Y27632 treated cells (scale = 200 µm) and B. 

represents the graph indicating colony number and C. area for MCF7, and MDA-MB-231. Values are mean 

± SE, n=5-6 independent samples, *p<0.05, **p<0.005. 

6.2.1.2 ROCK inhibition reduces 3D growth  

To understand the role of Y27632 further, its effect on spheroid formation was evaluated. 

Y27632 treatment resulted in reduced 3D growth, as seen by the reduced spheroid size in 

MCF7 cells, whereas no significant effect was observed in MDA-MB-231 cells (Figure 6.3 

A and B). 
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          A                                                                  B  

  

Figure 6.3: Effect of ROCK inhibitor on spheroid formation potential of cells. Cancer cells were seeded 

with Y27632 (10µM/ml) for 17 days and incubated in order to ascertain the effect of ROCK inhibitor on 

spheroids formation. Images were taken on regular intervals of 3-4 days and the area was analysed using 

Fiji software. A. Represents spheroid images of left untreated (control) or Y27632 treated cells (scale = 200 

µm) and B. Represents the spheroid area of MCF7 and MDA-MB-231 for each condition, calculated as a 

percentage of the area of their respective controls. Values are mean ± SE, n=5 independent samples, 

*p<0.05. 

6.2.1.3 ROCK inhibition enhances migration  

Since RHO GTPases are one of the major regulators of cell migration, the effect of Y27632 

treatment on the migration of breast cancer cells was carried out through a 2D as well as a 

3D spheroid migration assay. Interestingly, the presence of Y27632 significantly increased 

the migration ability of both MCF7 and MDA-MB-231 (Figure 6.4 A and B). 

Immunoblotting analysis showed that MCF7 treated with Y27632 had significantly reduced 

E-cadherin expression further confirming the migration-promoting effect of Y27632 

(Figure 6.4 C). As previously stated, the cancer cells migrate in a 3D environment from the 

tumour, spheroid migration assay was performed. Here, MCF7 or MDA-MB-231 spheroids 

were transferred onto a collagen matrix and allowed to invade and migrate in the presence 

of Y27632 (Figure 6.4 D). Figures 6.4 E and F demonstrate that similar to that observed in 

the wound healing assay, the addition of Y27632 to the cells significantly increased the 

migration. Thus, inhibiting ROCK activity in cells led to an increase in their propensity of 

cells to migrate, regardless of cell type. 
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A                                                                                             B 

C                                                   D 

 

E                                                                        F 

 

Figure 6.4:  Effect of ROCK inhibitor on migration potential of cells. The two-dimensional migration was 

evaluated using a wound healing assay in which breast cancer cells were permitted to migrate in a manually 

created wound or breach. The area covered by cells was computed using the T-scratch software, and 

migration velocity was computed in µm/hr. A. depicts the wound healing migration of MCF7 and MDA-MB-

231 of left untreated (control) or Y27632 (10µM/ml) treated cells at 0 and 18 hours, whereas B. is a graphical 

representation of the migration velocity of MCF7 and MDA-MB-231 cells in the presence of Y27632 

(10µM/ml). C. Depicts the results of a western blot image of E-cadherin (~110 KDa) and GAPDH (~37 KDa) 

expression in MCF7 cells. To assess invading potential, spheroids were transferred to a collagen-coated 

matrix and cells were allowed to permeate in the presence of Y27632 (10µM/ml) D. displays images of 

migrating cells of left untreated (control) or Y27632 (10µM/ml) treated cells from a spheroid at 0 and 36 

hours. The percentage of area occupied by migratory cells during invasion assay cells is represented in line 

graph E. for MCF7 and F. for MDA-MB-231. The black line in images represents the scale bar (200µm). 

Values are mean ± SE, n=3 independent samples. *p<0.05, **p<0.005, ***p<0.0005. 

Since actin organisation and E-cadherin expression are essential modifications during 

migration, the distribution of E-cadherin and actin was assessed following the Y27632 
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treatment. Although the Y27632 treatment did not alter the total F-actin content in MCF7, 

it resulted in the formation of actin protrusions and filopodia formation. There was a 

discernible decrease in the E-cadherin levels at the cell surface and more cytoplasmic 

staining was observed (Figure 6.5 A), which requires further validation. In the case of 

MDA-MB-231, Y27632 treatment resulted in a slight decrease in the F-actin content, the 

cell size decreased and formed filopodia -like protrusions (Figure 6.5 B).  

        A                                                                                       B 

 

Figure 6.5: Effect of ROCK inhibitor on actin and E-cadherin staining. Breast cancer cells were stained 

with fluorescent-conjugated Phalloidin TRITC antibody to stain f-actin, DAPI to stain nucleus, and anti-E-

cadherin antibody to stain E-cadherin after 48 hours of treatment with Y27632 (10 M/ml). A. represents the 

expression of F-actin (in the red colour) in MCF7 and MDA-MB-231, while B. signifies the expression of E-

cadherin (in the green colour) in MCF7. In both A. and B., the nucleus location is denoted by the colour blue. 

Untreated cells are denoted as CON, while cells that have been treated with ROCK inhibitor are represented 

as Y27632. The white line in the images represents the scale bar (50μm).  

6.2.1.4 ROCK inhibitor in anoikis resistance 

Numerous studies have highlighted the significance of RHO-ROCK signalling in anoikis 

resistance. So, the breast cancer cells were treated with ROCK inhibitor during non-

adherent anoikis-inducing conditions. Anoikis-resistant cells were tested for colony 

formation ability with or without Y27632 treatment during non-adherent culture and colony 

formation. Continuous treatment of MCF7 with Y27632 during anoikis culture and colony 

formation significantly increased the number of colonies and colony size compared to the 

control cells. In contrast, the MDA-MB-231 showed a decrease in colony number under 

both pre-treatment as well as continuous-treatment conditions. However, the colony size 

was similar to that of the control cells in MDA-MB-231 under different treatment 
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conditions (Figure 6.6). These results suggest that ROCK inhibition might differentially 

regulate anoikis resistance in breast cancer cells belonging to different subtypes.  

                    A                                                                                        

B                                                                     C  

 

 

Figure 6.6: Effect of ROCK inhibitor on anoikis-resistance of cells. To measure the resistance to anoikis, 

cells were seeded with Y27632 (10µM/ml) on an anchorage-independent surface. The administration was 

restricted to a 48-hour period known as "PRE-TR" and "CONTI-TR" during which treatment was 

administered until the conclusion of the experiment (14 days). The colonies were stained with a solution of 

crystal violet. Under a microscope, colonies were counted and the area was measured using Fiji software. 

A. Colony images (Scale bar = 200µm) of untreated (CON) and Y27632-treated (pre and continuous) cells. 

B. represents the graph of colony number, and C. represents the percentage of colony area for MCF7 and 

MDA-MB-231 for the control, Pre-treated, and Continuously treated conditions. Values are mean ± SE, n=5-

6 independent samples, *p<0.05, **p<0.005, ***p<0.0005. 

6.2.2 RHOA and β-catenin downregulation 

Treatment with the ROCK inhibitor has shown that interrupting the RHOA signalling 

potentially modifies the self-renewal, migration and anoikis resistance abilities of the breast 

cancer cells. In order to further understand the role of RHOA signalling in breast cancer 

progression, RHOA was lentivirally silenced in the breast cancer cells MCF7 and MDA-

MB-231. It is known that RHOA also mediates non-canonical Wnt signalling, which plays 

TH-3254_156106045



Chapter 6                          RHOA and Wnt Signalling in Breast Cancer Progression 

123 
 

an important role in cancer progression. In parallel, canonical Wnt signalling was also 

studied by silencing β-catenin expression in breast cancer cells.  

MCF7 and MDA-MB-231 cells were transduced with lentiviral particles containing 

shRHOA, shβ-catenin or scramble sequence. The transduced cells were selected using 

puromycin, expanded and utilized for further studies. To validate the level of gene 

silencing, gene expression analysis was performed by real-time PCR and immunoblotting. 

There was an ~ 10-fold reduction in β-catenin expression in shβ-catenin transduced MCF7 

and MDA-MB-231. shRHOA transduced cells showed ~40%-60% reduction in RHOA 

levels in MCF7 and MDA-MB-231 cells (Figure 6.7).  

A                                                               B  

 

Figure 6.7:  Silencing of RHOA and -catenin. Immunoblotting and Real-time PCR were conducted on 

control (transduced with scramble) and RHOA and β-catenin silenced breast cancer cells to determine the 

extent of gene silencing. The change in RHOA (~21 KDa) and β-catenin (~92 KDa) expression levels in 

silenced MCF7 and MDA-MB-231 cells is depicted as western blot images in A. and the fold change in gene 

expression measured by RT-PCR is shown in B. Using control cells as a benchmark, the fold change in gene 

expression was computed. Values are mean ± SE, n=5-6 independent samples, *p<0.05, **p<0.005, 

***p<0.0005.  

6.2.2.1 RHOA silencing decreases F-actin polymerization in cells 

Given that the downstream targets of RHOA signalling affect actin cytoskeleton and cell 

morphology, the morphology changes in shRHOA and shβ-catenin were determined. No 

discernible changes in the morphology were observed in shRHOA cells whereas β-catenin 

silencing was found to increase the cell-cell attachment in MCF7 cells (Figure 6.8 A). 

Furthermore, RHOA silencing reduced the F-actin content in both MCF7 and MDA-MB-

231 cells whereas β-catenin silencing induced the formation of filopodia-like structures in 

MDA-MB-231 cells (Figure 6.8 B). 
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                  A              

                  B 

 

Figure 6.8: Effect of silencing on the morphology and actin organization of cells. The silenced breast 

cancer cells (scramble, RHOA, and β-catenin) MCF7 and MDA-MB-231 were grown and microscopy images 

were acquired to examine their morphology, as shown in A. The black line in the images represents the scale 

bar (100µm). To examine the actin organisation, these selected cells were processed and stained with 

Phalloidin-TRITC (Red), which stains F-actin, and DAPI (Blue), which stains the nucleus of cells, as shown 

in B. 

6.2.2.2 β-catenin silencing decreases Ki67 breast cancer population 

To understand whether RHOA and β-catenin are required for proliferation and maintaining 

the cell cycle profile of the breast cancer cells, cell cycle analysis was performed and the 

percentage of cycling cells was determined by Ki67 staining. While there was a slight 

decrease in the percentage of G0 cells in shRHOA-MCF7 cells compared to the control 

cells, β-catenin silencing significantly decreased the percentage of Ki67 positive cells in 

both MCF7 and MDA-B-231 population (Figure 6.9). RHOA silencing also resulted in a 

significant increase in the G0 percentage of MDA-MB-231 cells.  
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                     A                                                                                 

B                                                                         C  

  

Figure 6.9: Effect of silencing on Ki67 breast cancer population. Ki67 and Propidium iodide were utilised 

for the simultaneous analysis of the proliferation-specific marker (Ki-67) and cellular DNA content, which, 

respectively, distinguish resting/quiescent cell populations (G0 cell) and quantify cell cycle distribution (G1, 

S, or G2/M). Flow cytometry was utilised to analyse the stained cells by plotting the population in a dot plot 

between the Ki67 and Propidium iodide axes for control (transduced with scramble) and shRHOA and shβ-

catenin cells, as depicted in A. whereas B. and C. represent the same quantified percentage of MCF7 and 

MDA-MB-231 cells silenced for control RHOA and β-catenin, respectively. Values are mean ± SE, n=3-4 

independent samples, *p<0.05, **p<0.005, ***p<0.0005. 

To determine whether RHOA and β-catenin silencing has impacted the cell cycle-related 

genes, the expression of cyclin D1 (CCND1) and CDKN1A was analysed by real-time 

PCR. There was a significant decrease in the expression of CCND1 in both shRHOA and 

shβ-catenin MDA-MB-231 cells, however, a decrease in CDKN1A expression was also 

observed in shβ-catenin-MDA-MB-231 cells. No changes in the expression of the anti-

apoptotic gene BCL2L1 at the transcript level were observed during RHOA or β-catenin 

silencing in MDA-MB-231 cells (Figure 6.10).  
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Figure 6.10: Effect of silencing on cell cycle-regulated gene. The effect of gene silencing on cell cycle-

related genes was determined using real-time PCR. The Ct values obtained for each gene were normalised 

against the Ct values of the housekeeping gene (GAPDH). The fold change relative to the control was 

measured individually for each gene. The image above depicts the fold change in the gene expression profile 

of CCND1, CDKN1A, and BCL2L1 in MDA-MB-231 for control (scramble), shRHOA, and shβ-catenin cells. 

Values are mean ± SE, n=5-6 independent samples, *p<0.05, ***p<0.0005. 

6.2.2.3 β-catenin silencing affects 3D growth of breast cancer cells 

Since a simultaneous decrease in the transcript levels of CCND1 and CDKN1A was 

observed in shβ-catenin-MDA-MB-231 cells, a spheroid assay was also carried out to 

understand how the gene modification regulates the 3D growth of the breast cancer cells. 

The shRHOA and shβ-catenin cells were seeded for spheroid formation and the spheroid 

growth was monitored for 14 days and documented periodically. The growth of MCF7 cells 

was dramatically reduced when RHOA and β-catenin were downregulated (Figures 6.11 A 

and B). However, the growth of MDA-MB-231 cells in spheroids was not affected by the 

silencing of β-catenin and RHOA (Figures 6.11 A and C). This indicates that the 

involvement of these proteins in the three-dimensional expansion of breast cancer cells is 

contingent upon the specific circumstances. While there was a notable decline in the Ki67 

% in MDA-MB-231 cells following the silencing of both RHOA and β-catenin, this 

decrease did not correspond to a reduction in 3D dimensional growth.   
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                           A  

 

   B                                                                    C 

 

Figure 6.11: Effect of silencing on three-dimensional growth of cells. The silenced breast cancer cells for 

control, RHOA and β-catenin were seeded on anchorage-independent surfaces to form spheroids. Images 

were taken on regular intervals of 3-4 days and the area was analysed using Fiji software. A. Represents 

spheroid images for control (transduced with scramble) and shRHOA and shβ-catenin MCF7 and MDA-MB-

231 cells (scale = 200 µm) and B. Represents the spheroid area of MCF7 and C. represents the spheroid 

area of MDA-MB-231 for each condition, calculated as a percentage of the area of the controls. Values are 

mean ± SE, n=5 independent samples, *p<0.05. 

To ascertain whether treatment with Y27632 during RHOA or β-catenin silencing can 

impact the spheroid formation and 3D growth, shRHOA and shβ-catenin transduced MCF7 

and MDA-MB-231 were allowed to form spheroid in the presence of Y27632. The growth 

of the spheroids was monitored and documented. 

In MCF7, Y27632 treatment resulted in the formation of smaller spheroids in all the 

conditions, however, Y27632 mediated inhibition of spheroid growth was less pronounced 

in shRHOA and shβ-catenin conditions compared to the control. In the Y27632 treatment 

condition, compared to the control, shβ-catenin cells formed larger spheroids although 

Y27632 treatment in general reduced the spheroid size and growth significantly in MCF7. 

In MDA-MB-231, however, Y27632 treatment did not alter the spheroid size or growth 

during the observation period. Thus, ROCK inhibition in the presence of RHOA and β-
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catenin downregulation differentially affects the 3D growth of MCF7 and MDA-MB-231 

cells (Figures 6.12).  

                                 A                                                                               

 

B                                                                       C                                                                        

 

Figure 6.12: Combined effect of silencing and ROCK inhibitor on three-dimensional growth of cells. The 

silenced breast cancer cells for control, RHOA and β-catenin were seeded along with Y27632 (10µM/ml) on 

the anchorage-independent surface to form spheroids. Images were taken on regular intervals of 3-4 days 

and the area was analysed using Fiji software. A. Represents spheroid images (scale = 200 µm) of MCF7 

and MDA-MB-231 for control (transduced with scramble) and shRHOA and shβ-catenin cells with and 

without Y27632 and B. Represents the spheroid area of MCF7 and C. represents the spheroid area of MDA-

MB-231 for each condition, calculated as a percentage of the area of their respective controls. Values are 

mean ± SE, n=5 independent samples, *p<0.05, **p<0.005. 

6.2.2.4 RHOA and β-catenin silencing affects self-renewal ability 

As RHOA and β-catenin regulate the proliferation and cell cycle status of the breast cancer 

cells, their ability to impact the self-renewal of breast cancer cells was assessed by colony 

formation assay. RHOA and β-catenin downregulation significantly affected the self-
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renewal ability of both MCF7 and MDA-MB-231 cells as seen by the decrease in their 

colony formation ability. However, shRHOA-MCF7 formed significantly larger colonies 

compared to the control and no changes in the colony size were observed in shRHOA-

MDA-MB-231 cells (Figure 6.13 A, B and C).  

                  A 

 

      B                                                                  C                 

 

Figure 6.13: Effect of silencing on the clonogenic assay. The silenced cells for RHOA, β-catenin, and 

scramble (control) were seeded and incubated to form colonies for 14 days on tissue culture plates. Crystal 

violet was used to stain the colony plates, and colonies were enumerated using a microscope. The colony 

with a cell count greater than or equal to 50 was deemed optimal. Images were captured using a microscope, 

and the area was computed using Fiji software. A. depicts the colony images and the black line in images 

represents the scale bar of 200µm. B. and C. represent the percentage of colony number and colony area for 

MCF7 and MDA-MB-231 cells silenced for RHOA, β-catenin, and scramble (control), respectively. Values 

are mean ± SE, n=5 independent samples, *p<0.05, **p<0.005, ***p<0.0005 

To understand the impact of RHOA and β-catenin silencing on the downstream signalling, 

immunoblotting analysis was performed.  
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A                                                                                       B  

 

C                                                                                       D 

 

Figure 6.14: Effect of silencing on the downstream signalling. Immunoblotting was done on silenced cells 

to test the effect of silencing on downstream targets. Before incubation with the targets antibody, the lysate 

from silenced cells in RIPA buffer was loaded on a polyacrylamide gel and protein bands were transferred 

to the nitrocellulose membrane. The blots were incubated with secondary HRP conjugated antibody to 

identify the primary antibody binding, and ECL chemiluminescent was added to visualise the protein band.  

Image Lab software was used to determine the band intensity, which was then normalised to the GAPDH 

protein. The fold change in expression was calculated relative to the control and is shown in A. for MCF7 

and C for MDA-MB-231, while B. and D. represent immunoblot images of RHOA (~21 KDa), β-catenin (~92 

KDa), pERK1/2 (~42-44 KDa), BCL2 (~26 KDa), and GAPDH (~37 KDa) for MCF7 and MDA-MB-231 

cells silenced for RHOA, β-catenin, and scramble (control). Values are mean ± SE, n=5-6 independent 

samples, *p<0.05, **p<0.005. 

Silencing of RHOA resulted in a significant reduction in the expression levels of 

phosphoERK1/2 (pERK1/2) and BCL2 levels in MCF7 cells. Similarly, β-catenin silencing 

resulted in a substantial reduction in the expression levels of BCL2 (Figure 6.14 A and B), 

which correlates with the reduced growth and self-renewal observed during RHOA and β-

catenin silencing. When β-catenin was silenced in MDA-MB-231 cells, it specifically 

decreased the levels of pERK1/2 but did not change the level of BCL2. However, silencing 

RHOA did not have any effect on the expression of either pERK1/2 or BCL2 (Figure 6.14 

C and D). Remarkably, the inhibition of RHOA in both cell lines led to a noteworthy 
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elevation in the expression level of β-catenin. Conversely, the inhibition of β-catenin did 

not result in a significant increase in the level of RHOA, although there was an observed 

increase in expression. Therefore, it appears that RHOA and β-catenin play a compensating 

function when suppressed in breast cancer cells.  

Several molecular mechanisms control the self-renewal and proliferation of cancer cells 

and cancer stem cells. In order to understand how the silencing of RHOA and β-catenin 

regulate the expression of cancer stem cell genes, gene expression analysis was performed. 

Downregulation of RHOA in MCF7 dramatically increased the expression of genes directly 

related to the self-renewal property of cells, including OCT4S1, SOX2, NANOG and 

ALDH1A3. The relatively high expression of self-renewal genes may explain the large 

colony size observed in MCF7-shRHOA. Interestingly, the silencing of β-catenin also 

increased the expression of OCT4S1, SOX2, and NANOG, while it decreased the expression 

of ALDH1A3. The downregulation of β-catenin might have induced the expression of self-

renewal genes as a compensatory mechanism, however, functional assays showed that this 

increase was not sufficient to rescue the decrease in the colony number and the size 

observed with β-catenin silencing in MCF7 cells (Figure 6.15 A).  

In the case of MDA-MB-231 cells, silencing of both RHOA and β-catenin markedly 

decreased several stemness genes such as SOX2, ALDH1A3, and CD44 whereas β-catenin 

silencing also resulted in the downregulation of OCT4A, ABCG2 and EZH2 (Figure 6.15 

B). The downregulation of key stem-cell-related genes explains the decrease in the KI67 

population observed during β-catenin silencing in MDA-MB-231 cells. However, the 

increased self-renewal ability observed during β-catenin silencing suggests that they might 

have activated signalling pathways to compensate for the loss of β-catenin that resulted in 

increased proliferative ability.  
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A 

B 

 

Figure 6.15: Effect of silencing on self-renewal and proliferation genes. The effect of RHOA, β-catenin, 

and scramble (control) silencing on self-renewal and proliferation genes were determined using real-time 

PCR. The Ct values obtained for each gene were normalised against the Ct values of the housekeeping gene 

(GAPDH). The fold change relative to control was calculated with the ∆∆Ct method. A. represents the bar 

graph for fold change in gene expression profiles of OCT4A, SOX2, NANOG, ALDH1A3, CD44, and CD24 

in MCF7. B. represents the bar graph for fold change in gene expression profiles of OCT4A,  NANOG, SOX2, 

ALDH1A3, ABCG2, CD44, CD24 and EZH2 in MDA-MB-231.Values are mean ± SE, n=3 independent 

samples, *p<0.05. 

6.2.3. RHOA and β-catenin in EMT and migration 

EMT and metastasis are one of key properties of cancer cells which help them spread to 

secondary sites.  To understand how RHOA or β-catenin control the metastatic ability of 

breast cancer cells, the migration potential of the cells was tested by wound healing assay 

and spheroid migration assay. Firstly, spheroids were formed with shRHOA and shβ-

catenin –MCF7 cells. The spheroids were transferred to the collagen matrix to check their 

migration and invasion properties.  
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A                                                                        B  

 

C                                                                        D 

 

Figure 6.16: Impact of silencing and ROCK inhibitor on migration potential of cells. The cells silenced for 

RHOA, β-catenin, and scramble (control) were analysed using invasion and wound healing assay. For 

invasion assay, cells were seeded on an anchorage-independent environment to form spheroids and then 

spheroids were transferred to a collagen-coated matrix. The cells were allowed to invade the collagen matrix 

in the presence of Y27632 and the area covered by migratory cells was measured by Fiji software. For the 

wound healing assay, silenced cancer cells were seeded and a scratch was made once the cells reached 90-

95% confluence. Cells were allowed to migrate in the presence of Y27632 (10µM/ml) and the area covered 

by cells was calculated using T-scratch software. A. depict the spheroid migration of MCF7, and B. illustrate 

the wound healing assay of MDA-MB-231 in response to Y27632 (10µM/ml) treatment and the control group, 

respectively. In a similar vein, the migration area traversed by MCF7 is denoted in C. while the migration 

speed of MDA-MB-231 is denoted in D. under both the control (CON) and Y27632-treated conditions. The 

black line in images represents the scale bar (200µm). Values are mean ± SE, n=3 independent samples. 

**p<0.005, ***p<0.0005. 

Downregulation of RHOA and β-catenin in MCF7 reduced their migration potential, 

however, the addition of Y27632 significantly increased the migration ability of the cells 
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under control and silenced conditions (Figure 6.16 A). Interestingly, the fold increase in 

migration ability upon Y27632 treatment was significantly higher when RHOA and β-

catenin were silenced compared to the control conditions (Figure 6.16 C). Y27632 

treatment on RHOA silenced MCF7 induced the highest increase in the migration ability 

suggesting that ROCK inhibition increases migration ability as reported earlier. On the 

other hand, migration and the invasion ability of MDA-MB-231 cells were unaffected by 

RHOA or β-catenin silencing (Figure 6.16 B) and the addition of Y27632 did not alter the 

migration ability of the control or the silenced cells (Figure 6.16 D). The role of RHOA 

and β-catenin in controlling the migration of breast cancer cells seems to be context 

dependent; where the migration ability of drastically reduced by the downregulation of 

RHOA and β-catenin in MCF7 whereas no effect was observed in MDA-MB-231.  

Although migration was not affected by RHOA and β-catenin silencing in MDA-MB-231, 

in order to understand its effect on the expression of the genes related to migration, gene 

expression analysis was performed. A significant downregulation in the mRNA levels of 

ITGA6, CDH2, SNAI2, MMP14, and EpCAM was detected in the β-catenin silenced MDA-

MB-231 cells. Although the genes that control migration were affected, no functional 

changes in migration ability were detected. Possible causes include post-translational 

modifications or the activation of other signalling molecules. In contrast, silencing of 

RHOA has had no effect either on the gene expression or the migration potential (Figure 

6.17). 

 

Figure 6.17: Effect of silencing on the migration-related gene. MDA-MB-231 cells silenced for RHOA, β-

catenin, and scramble (control) were lysed and RNA was isolated. After synthesizing cDNA using reverse 

transcription, qPCR was conducted to assess various gene-level expressions. The fold change in expression 

level was calculated with the ∆∆Ct method. The bar graph represents the fold change in gene expression 

profiles of ITGA6, CDH2, SNAI2, VIM, MMP14 and EpCAM. Values are mean ± SE, n=3 independent 

samples, *p<0.05. 
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6.2.4 RHOA silencing enhances the anoikis resistance 

Cancer cells during metastasis acquire anoikis resistance and to understand the importance 

of RHOA and β-catenin in promoting anoikis resistance in the breast cancer cells, MDA-

MB-231 and MCF7 cells were cultured in a non-adherent culture. The anoikis resistance 

ability was determined by colony-formation assay. In addition, the effect of the 

chemotherapeutic drug doxorubicin (Dox) on the anoikis resistance cells was also 

determined.  

In case of MCF7, β-catenin silencing produced significantly less number of colonies 

(Figure 6.18 A), and the colonies were smaller in size when subjected to anoikis culture 

conditions, while no discernible difference was seen with RHOA silencing (Figure 6.18 B). 

Nonetheless, Dox treatment significantly reduced the colony formation ability in the MCF7 

cell line regardless of their RHOA and β-catenin expression levels. Besides, no difference 

in the colony-forming ability was observed between the RHOA and β-catenin silenced cells 

during Dox treatment compared to the Control-Dox treated cells (Figure 6.18 C). 

In the case of MDA-MB-231 cells, a significant increase in the number of colonies was 

observed when RHOA was silenced in untreated and Dox-treated conditions (Figure 6.18 

D, E and F). Although Dox treatment reduced the overall colony-formation ability of MDA-

MB-231 cells under anoikis conditions, RHOA silencing seems to provide a survival 

advantage to the cells resulting in the formation of more colonies compared to the control 

or shβ-catenin cells. 
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A                                                                        B                                                 

 

C                                                                        D  

 

E                                                                         F 

 

 

 

 

 

 

 

Figure 6.18: Effect of doxorubicin on anoikis resistance of silenced cells. Silenced breast cancer cells for 

the scramble, RHOA and β-catenin were seeded on agar-coated wells along with doxorubicin (5µM/ml) for 

48 hours and then transferred on tissue culture plates for colony formation in fresh media without 

doxorubicin. After successful incubation, the colonies were fixed with ice-cold 100% methanol and stained 

with crystal violet solution. Colonies were counted and the area was measured using Fiji software.  A. and 

B.  represent the graph indicating the colony number and area for MCF7, C. and D. represent the colony 

images of both silenced MCF7 and MDA-MB-231 (scale = 200 µm). E. and F. represent the graph indicating 

the colony number and area for MDA-MB-231 where cells were left untreated (CON) and treated with Dox. 

Values are mean ± SE, n=5-6 independent samples, *p<0.05, **p<0.005, ***p<0.0005 

In addition to surviving in the non-adherent state, the cancer cells are also subjected to shear 

stress during metastasis into distant organs. The shear stress in the cells was simulated by 
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culturing the cells in a shaker incubator. The effect of RHOA and β-catenin silencing on 

resisting the shear stress-induced cell death was determined by colony formation assay.  

 A 

 

B                                                                        C                                               

 

Figure 6.19: Effect of silencing on cellular tolerance to shear stress. The shear stress resistance of silenced 

cancer cells was evaluated by subjecting them to stress by shaking them in an incubator for hours at 100 

RPM and then assessing their growth potential using a colony assay. Following a successful incubation for 

14 days, the colonies were fixed and stained using a crystal violet solution. Colonies were counted and photos 

were obtained with a microscope. The area covered by the colonies was determined using Fiji software. A. 

represents the colony images for both MCF7 and MDA-MB-231 (scale = 200 µm), while B. and C. represent 

the graph indicating the percentage of colony count and colony area of both control and silenced MCF7 and 

MDA-MB-231 cells with RHOA and β-catenin, respectively. Values are mean ± SE, n=5-6 independent 

samples, *p<0.05, **p<0.005, ***p<0.0005 

In MCF7, subjecting the cells to shear stress resulted in a drastic reduction in the colony-

forming ability when RHOA and β-catenin were downregulated in the cells. During RHOA 

silencing, subjecting the cells to shear stress decreased the colony-forming ability; the cells 

formed larger colonies compared to control or β-catenin silenced cells. However, similar 

to that observed in the anoikis culture conditions, RHOA silencing promoted the survival 

and colony formation ability in MDA-MB-231 cells when subjected to shear stress. In 

contrast, β-catenin silencing drastically reduced the survival ability of MDA-MB-231 cells 
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under shear stress suggesting that β-catenin might play an important role in the survival of 

the cells during metastasis as displayed in Figure 6.19. The cells subjected to shear stress 

were also analysed for their gene expression through immunoblotting. Silencing RHOA in 

MCF7 resulted in the reduction of RHOA and BCL2 expression and an insignificant 

increase in pERK1/2 expression. 

A                                                                                       B 

 

C                                                                                       D             

 

Figure 6.20: Alterations in gene expression of shear stress tolerant silenced cancer cells. The alteration at 

the translational level for shear stress tolerant cells was analysed using immunoblotting. The collected lysate 

from cells was run using a polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane 

was blocked with skim milk and incubated with primary antibodies such as RHOA (~21 KDa), β-catenin (~92 

KDa), pERK1/2 (~42-44 KDa), BCL2 (~26 KDa), and GAPDH (~37 KDa). A secondary HRP-conjugated 

antibody was added prior to developing the blot using an ECL reagent. Image Lab software was used to 

determine the band intensity, which was then normalised to the GAPDH protein. The fold change in 

expression was calculated relative to the control and is shown in A. for MCF7 and C. for MDA-MB-231, 

while B. and D. represent immunoblot images for MCF7 and MDA-MB-231 cells silenced for RHOA, β-

catenin, and scramble (control). Values are mean ± SE, n=4 independent samples, *p<0.05, **p<0.005, 

***p<0.0005. 
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In contrast, silencing β-catenin resulted in a significant decrease in RHOA, β-catenin, and 

BCL2 expression and an increase in pERK1/2 expression compared to the control (Figures 

6.20 A and B). 

Similarly, when MDA-MB-231 was analysed for the shear stress tolerance, silencing of 

RHOA in MDA-MB-231 decreased RHOA expression but induced the pERK1/2 and 

BCL2 expression. The increase in pERK1/2 and BCL2 explain the increase in the survival 

and colony-forming ability of the shRHOA-MDA-MB-231 cells subjected to shear stress. 

In contrast, β-catenin silencing led to a decrease in RHOA, β-catenin, pERK1/2, and BCL2 

expression in MDA-MB-231 as shown in Figures 6.20 C and D. The presence of elevated 

pERK1/2 in RHOA-silenced cells suggests that the ERK pathway is active under stress and 

that this activation might have led to higher cell proliferation observed in these cells.  

Furthermore, cells grown under anchorage-dependent conditions were allowed to form 

spheroids and the changes in the gene expression were analysed.  

RHOA and β-catenin silencing reduced the expression of pERK1/2 and β-catenin levels in 

MCF7 cells (Figure 6.21 A and B). Interestingly, in the case of MDA-MB-231, silencing 

of shRHOA increased pERK1/2 and β-catenin expression whereas β-catenin silencing led 

to the downregulation of β-catenin and abrogated the expression of pERK1/2 levels as 

shown in Figure 6.21 C and D. This increase in pERK1/2 in shRHOA-MDA-MB-231 cells 

suggests the survival advantage that these cells possess during anchorage-independent 

conditions.  
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A                                                                                             B 

                                                                                                

C                                                                                                D 

 

Figure 6.21: Gene expression study of anchorage-independent spheroids. Immunoblotting was performed 

for the lysate collected from spheroids derived from the control and silenced MCF7 and MDA-MB-231 cells. 

Before incubation with the target antibody, the protein sample was loaded on a polyacrylamide gel and 

protein bands were transferred to the nitrocellulose membrane. The blots were incubated with secondary 

HRP conjugated antibody to identify the primary antibody binding, and ECL chemiluminescent was added to 

visualise the protein band.  Image Lab software was used to determine the band intensity, which was then 

normalised to the GAPDH protein. The fold change in expression was calculated relative to the control and 

is shown in A. for MCF7 and C. for MDA-MB-231, while B. and D. represent immunoblot images of RHOA 

(~21 KDa), β-catenin (~92 KDa), pERK1/2 (~42-44 KDa), and GAPDH (~37 KDa) for MCF7 and MDA-

MB-231 cells silenced for RHOA, β-catenin, and scramble (control). Values are mean ± SE, n=4 independent 

samples, *p<0.05, **p<0.005, ***p<0.0005. 

6.2.5 RHOA silencing augments chemoresistance in MDA-MB-231 

RHOA and Wnt signalling were both found to be essential for shear stress tolerance. The 

change in pERK1/2 expression suggests that, under stress conditions, the ERK signalling 

pathway operates to adapt to the altered microenvironment. The intriguing result of shear 

stress tolerance prompted us to investigate the role of this pathway in chemoresistance.  
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The spheroid formation assay was carried out in the presence of Dox to determine the 

impact of silencing on the growth of the spheroids. Regardless of RHOA or β-catenin 

silencing, the addition of Dox to the cell line caused a substantial reduction in the spheroid 

size in MCF7 cells (Figure 6.22 A and B). 

                              A                                                                     

 

B                                                                              C                                                                                                                                                                                                          

                                                                                      

Figure 6.22: Effect of doxorubicin on the spheroid growth of silenced cells. To test the effect of Dox 

(5µM/ml) on spheroids growth of silenced cells, scramble, RHOA and β-catenin silenced breast cancer cells 

were implanted in anchorage-independent conditions coupled with doxorubicin. Images were acquired at 3-

4 day intervals and the area was evaluated with Fiji software. A. Represents spheroid images (scale = 200 

µm) and B. Represents the spheroid area of MCF7 and C. represents the spheroid area of MDA-MB-231 for 

each condition control, shRHOA and shβ-catenin cells in presence and absence of Dox, calculated as the 

percentage of the area of their respective controls. Values are mean ± SE, n=5 independent samples, 

*p<0.05, **p<0.005, ***p<0.0005. 

It is interesting to note that the addition of Dox during spheroid formation in MDA-MB-

231 increased the spheroid size of both control and RHOA-silenced cells in comparison to 
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their respective untreated conditions. On the other hand, β-catenin silencing did not have 

any effect on the spheroid size in either the untreated or Dox-treated condition as shown in 

Figure 6.22 A and C. 

6.2.6 Silencing of RHOA and β-catenin reduces metastasis 

The silenced MDA-MB-231 cell line was subjected to additional testing to determine its 

propensity for metastasis. Both control and silenced cells that had been pre-treated with 

doxorubicin in non-adherent anoikis conditions were seeded on bone marrow stromal cells, 

and their colony formation ability was determined. The ability to form colonies on the 

stromal cells was lower in shRHOA and shβ-catenin cells compared to the control cells. 

Also, treatment with Dox significantly reduced the colony formation ability in all the 

conditions (Figure 6.23). However, the addition of Dox to cells that have been silenced for 

shRHOA results in the induction of chemoresistance in comparison to control cells and 

cells silenced for shβ-catenin. Thus, in addition to modulating the anoikis resistance, 

RHOA and β-catenin regulate the ability of the cells to form colonies in the bone marrow 

microenvironment.  

A                                                                                        B 

 

Figure 6.23: Effect of silencing on metastasis of anoikis-resistant cells. To determine the metastatic 

potential of the scramble, RHOA, and β-catenin-silenced MDA-MB-231, the cells were first grown under 

anchorage-independent conditions with doxorubicin (5µM/ml). Silenced MDA-MB-231 cells were 

transferred to a monolayer of stromal cells that were already confluent and allowed to form colonies. The 

number of colonies formed by MDA-MB-231 on the stromal layer was enumerated using a microscope to 

determine its metastatic potential. A. Represents the colony images of MDA-MB-231 cells silenced with 

control (transduced with scramble) and RHOA and β-catenin formed on stromal cells (Scale bar = 200µm) 

and B. represents the graph of the colony number under each condition. Values are mean ± SE, n=12 

independent samples, *p<0.05, **p<0.005, ***p<0.0005. 
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6.3 Discussion 

In numerous physiological and pathological processes, including embryonic development, 

wound healing, cancer metastasis, and inflammation, the Rho/Rock signalling pathway 

plays a crucial role in regulating cell migration. Rho, a small GTPase, initiates this pathway 

by activating Rho-associated protein kinase (ROCK). ROCK's phosphorylation and 

activation of MLC, which regulates the dynamics of the actin cytoskeleton and cell 

contractility, increases actomyosin contractility and cytoskeletal stress (Tan et al., 2011). 

The Rho/ROCK pathway is essential for the polarization, adhesion, and translocation of 

migrating cells due to its role in the formation and maintenance of stress fibres, focal 

adhesions, and cell-substrate traction forces. Rho/ROCK signalling has also been shown to 

regulate cell morphology, protrusion, adhesion turnover, and matrix metalloproteinase 

activity, which all contribute to cell migration (Anne J  Ridley, 2015). The location of Rho-

Rock signalling members determines the migratory front; for example, Cdc42 with mDIA 

forms filopodia and with Par complex regulates directional motility; Rho with ROCK 

regulates contraction in actin-myosin and adhesion to ECM (Lawson & Ridley, 2018; Anne 

J  Ridley, 2015).  

Wnt signalling is a highly conserved system that is essential for tissue homeostasis and 

embryonic development. Wnt signalling is another signalling pathway investigated in this 

research work. Wnt signalling dysregulation has been linked to several human illnesses, 

including cancer. Wnt signalling has been shown to support tumour growth, invasion, and 

metastasis in breast cancer when it is aberrantly activated. Studies have demonstrated that 

the activation of downstream target genes like Cyclin D1, c-Myc, and MMP-7 by Wnt/β-

catenin signalling (Luu et al., 2004) increases breast cancer cell proliferation, survival, and 

invasion. Additionally, it has been demonstrated that Wnt signalling promotes cancer stem 

cell-like phenotype, increasing tumour-initiating potential and therapy resilience. 

RHOA signalling was analysed by interrupting the downstream effector ROCK with the 

inhibitor Y27632. Several studies have utilized Y27632 to understand the role of RHOA in 

development and cell migration. In olfactory ensheathing cells, which were previously 

process-bearing and flattened in structure, neurite extension was induced by the Y27632 

treatment (Li et al., 2018). Similarly, in another study (Lim & Joe, 2013), mesenchymal 

stromal cells treated with Y27632 acquired a neuronal cell-like structure by inhibiting the 

chondroitin sulfate proteoglycan, which inhibits the transformation of MSCs into a 
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neuronal morphology. The fact that we also observed protrusion in MCF7 and spike-like 

structures in MDA-MB-231 treated with Y27632 confirms the role of ROCK in actin 

remodelling. Y27632 induces development in individual cells rather than clusters in murine 

embryonic stem cells (CCE), and studies also found that inhibiting ROCK1/2 or silencing 

it with siRNA did not affect the marker essential for self-renewal (Chang et al., 2010). Our 

findings demonstrated that the Y27632 treatment improved the clonogenic potential of 

MCF7 in terms of colony size and density. However, we also discovered that Y27632 only 

promoted two-dimensional growth and had a detrimental impact on the formation of three-

dimensional spheroids in MCF7.  

Previous research indicated that inhibiting RHOA decreased human tongue cancer by 

halting the cell cycle (Yan et al., 2014) and the gastric cell line (MGC-803) by halting the 

proliferation of cells in the G0/G1 phase of the cell cycle (Duan et al., 2015). Another study 

discovered that eliminating β-catenin in H295R adenocarcinoma cells decreased cell 

proliferation, induced arrest in the G1 phase, and apoptosis (Gaujoux et al., 2013). In 

RHOA and β-catenin silenced MDA-MB-231 and RHOA silenced MCF7, we also noticed 

a cell cycle arrest in the G1 phase. It was discovered that inhibiting RHOA and RHOC with 

siRNAs can inhibit proliferation and invasion in MDA-MB-231 (Pillé et al., 2005); Our 

study, however, revealed that while RHOA silenced cells partially retained growth, it did 

not affect the invasion or migration of MDA-MB-231. When RHOA is silenced, PC3 cells 

develop long, thin protrusions triggered by Rac1, which promotes migration and invasion 

(Vega et al., 2011). In terms of morphology, this finding is consistent with our observations 

of projection in MDA-MB-231 and loose polygonal sheets of cells in MCF7; however, in 

terms of migration and invasion, we have found contradictory findings. In contrast to 

MDA-MB-231, whose migration was unaffected by RHOA silencing, MCF7 migration 

was suppressed entirely. One study found that E-cadherin expression was reduced when β-

catenin was silenced, which inhibited lung cancer cells (Yu et al., 2017). The migration of 

MCF7 in our study was indeed inhibited, but after β-catenin silencing, we did not find any 

changes in E-cadherin expression. 

GEF-1 is required for neutrophils to endure shear stress and drives its navigation or 

expansion via MLC and ROCK (Fine et al., 2020). MSC also require RHO-ROCK 

signalling to tolerate shear stress, indicating its essential role in shear stress tolerance (Gao 

et al., 2014). Recent research has shown that Wnt/β-catenin signalling plays a significant 

role in mechano activation (Warboys, 2018) and regulation (Strittmatter et al., 2022) in 
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determining the divergence of mesodermal heredity. Our findings with MCF7 are 

consistent with previous studies conducted on a variety of cancers in which silencing 

RHOA and β-catenin reduced the shear stress tolerance of cells, whereas, in contradiction, 

MDA-MB-231 exhibited a higher tolerance to shear stress when RHOA has silenced and a 

decrease in tolerance when Y27632 was added to the cells. Increased ERK expression is 

positively correlated with a variety of cancers, including prostate, colon, breast, and ovarian 

cancer (Levidou et al., 2012). Along the same lines, we have observed a decreased growth 

in MCF7 cells during adherent culture when RHOA silencing leads to a decrease in ERK1/2 

level. On the other hand, increased expression of pERK1/2 during shear stress indicates 

that ERK is one of the stress-activated signalling pathways. 

In colon cancer, Wnt signalling plays an important role and is associated with increased 

proliferation, whose regulation is increased by RHOA inactivation (Rodrigues et al., 

2014b). In the current study, when RHOA was silenced, an increased expression of β-

catenin was identified in both MCF7 and MDA-MB-231 cells. A similar effect was 

observed in lung cancer cells where inhibiting Rho GTPase activating protein 24 can 

stimulate Wnt/β-catenin signalling, which in turn can promote the dissemination of lung 

cancer (L. Wang et al., 2019). On the other hand, activating Rho GTPase activating protein 

30 can suppress pancreatic cancer by deactivating Wnt/β-catenin signalling (Zhou et al., 

2020). A relationship between Ras family members and BCL2 expression was observed 

(Kang & Pervaiz, 2013), where RAC1 levels correlate with BCL2 expression. In our 

studies, we observed that RHOA regulates BCL2 expression, where silencing RHOA in 

MCF7 reduced BCL2 expression, and the addition of Y27632 reduced its expression even 

further. However, when subjected to shear stress, RHOA and β-catenin silenced cells 

downregulated the BCL2 expression, although there was an increase in the pERK1/2 levels. 

The reduction in survival and the colony formation ability observed in MCF7 cells when 

subjected to shear stress during RHOA and β-catenin silencing also correlated with the 

reduced expression of the anti-apoptotic protein BCL2. Interestingly, in MDA-MB-231 

cells, when RHOA was silenced, it induced the expression of pERK1/2 and BCL2, which 

explains the increased survival and self-renewal ability seen in these cells. In contrast, β-

catenin silenced led to reduced colony formation ability and a significant decrease in the 

expression of pERK1/2 and BCL2.  

Silencing of RHOA did not affect the migration of MDA-MB-231 cells. In contrast, highly 

aggressive rat A3 cells were found to use the Rho/ROCK/MLC pathway to invade the 3D 
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collagen matrix and the acellular dermis (Kosla et al., 2013), which supports our finding in 

MCF7 that RHOA silencing reduced the migration potential. Massive apoptosis of 

mammary tumour cells (Buechel et al., 2021) and head and neck cancer cells (Kleszcz et 

al., 2019) was caused by the elimination of β-catenin. The current study also observed that 

β-catenin silencing induced morphological changes in MCF7, reducing cell size and 

decreasing colony formation ability. Several studies supported the role of RHOA and β-

catenin in controlling growth. When mice were injected with shRNAs of RHOA and 

RHOC, the tumour growth of HCT116 (colorectal cancer cell line) was inhibited (H. Wang 

et al., 2010). Similarly, in lung cancer (Yang et al., 2015) and ovarian cancer (Wang et al., 

2015), RHOA silencing inhibited growth and proliferation. We also observed a reduction 

in the proliferation of MCF7 and MDA-MB-231 when RHOA was silenced. When RHOA 

was inhibited or silenced, human colon cancer cells lost their doxorubicin resistance 

(Doublier et al., 2008). Similarly, when β-catenin was suppressed via the NF-κB pathway, 

MG-63, an osteosarcoma cell, lost its chemoresistance to doxorubicin (Zhang et al., 2011). 

In addition, affecting the proximal target of Wnt signalling, such as LGR6 (leucine-rich, G 

protein-coupled receptor), can eliminate chemoresistance in ovarian cancer via β-catenin 

or canonical wnt signalling (Ruan et al., 2019). In the current study, RHOA or β-catenin 

silencing did not affect the chemosensitivity of MCF7 cells to doxorubicin, whereas RHOA 

silencing slightly decreased the chemosensitivity of MDA-MB-231 cells to doxorubicin. 

Thus, targeting β-catenin signalling in MCF7 can inhibit its proliferation (Saifo et al., 2010) 

but not in MDA-MB-231. 

6.4 Conclusion 

The finding in this chapter suggests that silencing RHOA and β-catenin can inhibit 

proliferation, migration, anoikis resistance, and chemoresistance in MCF7. However, the 

increased proliferation and migration of MCF7 in the presence of Y27632 and elevated 

pERK1/2 under shear stress remains debatable. Nonetheless, in-vivo studies are required to 

confirm the effect of RHOA and Wnt signalling in breast cancer. In contrast, the triple-

negative cancer cell line MDA-MB-231 displayed a remarkable context-dependent effect 

(Figure 6.24). Surprisingly, suppressing RHOA enhanced tolerance to shear stress and 

resistance to anoikis and chemotherapeutic drug treatment. The finding also suggests that 

the activation of the ERK1/2 pathway can readily compensate for the absence of RHOA in 

MDA-MB-231 cells when subjected to shear stress.  

TH-3254_156106045



Chapter 6                          RHOA and Wnt Signalling in Breast Cancer Progression 

147 
 

 

Figure 6.24: Conclusive remark of canonical and non-canonical Wnt signalling in breast cancer cells.  

Even though a great deal of research has been conducted on RHOA and Wnt signalling in 

terms of various functions and cancer, there are still a great many things that have not been 

adequately studied to inhibit the progression of cancer. In order to uncover the complex 

and intricate behaviour of signalling, more research must be conducted. 
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Understanding the Crosstalk Between BMP4, 

RHOA and Wnt Signalling 

7.1 Introduction 

The regulation and coordination of different cellular processes rely on cross-talk between 

different signalling pathways. Several examples highlight the significance of cross-talk 

between signalling pathways: regulation of gene expression to carry out a physical 

function; integration of signals to improve response; feedback regulation to preserve 

homeostasis; and adaptation to novel microenvironments. Nevertheless, many diseases and 

disorders can develop when this complex or cross-talk signalling fails to operate in a 

healthy equilibrium. BMP and Wnt signalling cross-talk has been studied for its effects on 

a wide range of cellular and developmental processes, including embryogenesis, myoblast 

differentiation (Nakashima et al., 2005), dental stem cell regulation, and radial patterning 

of the mouse cochlea (Munnamalai & Fekete, 2016), but its dysregulation can cause a wide 

range of diseases and disorders. Wnt and BMP cross-talk at multiple stages, including 

reciprocal regulation of ligand production, and after nuclear localization in the nucleus, the 

downstream target of BMP, such as Smad, can cross-talk with the downstream target of 

Wnt, such as LEF/TCF (X. Guo & Wang, 2009). In the non-canonical Wnt signalling 

pathway, Wnt cross-talks with RHO-ROCK signalling using various mediators. Because 

of the intricate interplay between these pathways, developing an effective therapeutic 

strategy for cancer prevention has been challenging. Since no one reported the crosstalk 

between BMP, RHOA, and Wnt signalling, the silenced cells were subjected to functional 

and molecular investigations to identify this 
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7.2 Results 

7.2.1 BMP4 and ROCK inhibitor in β-catenin and RHOA expression 

Firstly, MDA-MB-231 and MCF7 cells were treated with BMP4, LDN, and Y27632 and 

their effect on the expression levels of β-catenin and RHOA were analysed by 

immunoblotting. Figure 7.1 A shows that after BMP4 treatment, β-catenin levels in MCF7 

decreased slightly, although this effect could not be replicated. However, LDN or a 

combination of LDN and BMP4 did not affect β-catenin or RHOA expression. Treatment 

with BMP4 or LDN also did not affect β-catenin or RHOA expression levels in MDA-MB-

231. The expression of β-catenin and RHOA did not change when exposed to Y27632 in 

both MCF7 and MDA-MB-231 cells (Figure 7.1 B). 

                 A                                                                           B 

 

Figure 7.1: Effect of BMP4 and ROCK inhibitor on β-catenin and RHOA expression. Immunoblotting was 

performed for the breast cancer cells treated with BMP4 (10ng/ml), LDN (1µM/ml) and Y27632 (10µM/ml) 

for 48 hours. Before incubating with β-catenin (~92 KDa), RHOA (~21 KDa) and GAPDH (~37 KDa) 

antibodies, the protein sample was loaded on a polyacrylamide gel and protein bands were transferred to 

the nitrocellulose membrane. The blots were then incubated with a secondary HRP-conjugated antibody to 

identify the primary antibody binding, and ECL chemiluminescent was added to visualise the protein band. 

A. depict the expression of β-catenin and RHOA in MCF7 and MDA-MB-231 cells, respectively, when treated 

with BMP4 and LDN and B. depict the expression of β-catenin and RHOA in MCF7 and MDA-MB-231 cells 

when treated with Y27632. 

7.2.2 BMP4 modulates clonogenic potential β-catenin and RHOA silenced cells 

Although BMP4 or LDN treatment did not affect the expression levels of either RHOA or 

β-catenin, the self-renewal ability of the cells when treated with BMP4 or LDN during 

RHOA or β-catenin silencing was determined by colony formation assay. While BMP4 

treatment decreased the colony formation ability in control and β-catenin silenced cells, 

RHOA silencing abrogated the inhibitory effect of BMP4 on the self-renewal ability of 

MCF7 cells. As reported earlier, LDN treatment increased the colony-forming ability of 

control cells; an increase in the colony-formation ability was also observed in LDN-treated 

RHOA-silenced cells but not in β-catenin silenced cells (Figures 7.2 A, B and C).  
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Figure 7.2: Effect of BMP4 on the clonogenic potential of silenced MCF7 cells. The RHOA, β-catenin, and 

scramble (control) silenced cells were treated with BMP4 (10ng/ml) and LDN (1µM/ml), and their 

combination was incubated on tissue culture plates to form colonies for 14 days. The colony plates were 

stained with crystal violet, and colonies were counted using a microscope. The ideal colony has a cell count 

greater than or equal to 50. Images were taken with a microscope, and the area was calculated with Fiji 

software. A., depict the colony images for silenced MCF7 cells, where cells left untreated (control) or treated 

with BMP4, LDN, BMP4+LDN and black line in images represents the scale bar of 200µm. B. and C. 

represent the percentage of colony number and colony area for MCF7. Values are mean ± SE, n=3-4 

independent samples, *p<0.05, **p<0.005, not significant (ns), p>0.05 
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Figure 7.3: Effect of BMP4 on the clonogenic potential of silenced MDA-MB-231 cells. The RHOA, β-

catenin, and scramble (control) silenced cells were treated with BMP4 (10ng/ml) and LDN (1µM/ml), and 

their combination was incubated on tissue culture plates to form colonies for 14 days. The colony plates were 

stained with crystal violet, and colonies were counted using a microscope. The ideal colony has a cell count 

greater than or equal to 50. Images were taken with a microscope, and the area was calculated with Fiji 

software. A., depict the colony images for silenced MDA-MB-231 cells, where cells left untreated (control) 

or treated with BMP4, LDN, BMP4+LDN and black line in images represents the scale bar of 200µm. B. 

and C. represent the percentage of colony number and colony area for MDA-MB-231. Values are mean ± 

SE, n=3-4 independent samples, *p<0.05, **p<0.005. 
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In MDA-MB-231 cells, as expected, LDN treatment downregulated the colony-forming 

ability in all the conditions, such as control, shRHOA and shβ-catenin. However, RHOA 

silencing seems to have an additive effect where the colony-forming ability was drastically 

reduced upon LDN treatment. Interestingly, BMP4 treatment reduced the colony size when 

RHOA was silenced, whereas a reduction in colony size was observed during LDN 

treatment in control and β-catenin silenced cells. These results suggest a possible cross-talk 

between BMP signalling and the RHOA pathway (Figures 7.3 A, B and C). 

To further analyse the cross-talk between the pathways, cells cultured under shear stress 

were treated with BMP4 or LDN, and their colony-formation ability was determined. Both 

the control and silenced cells underwent a considerable reduction in colony number after 

treatment with LDN and its co-treatment with BMP4. However, it was fascinating to note 

that BMP4 treatment affected only the cells in which β-catenin had been silenced, while 

control cells and cells in which RHOA had been silenced were unaffected by the treatment. 

Regarding colony area, both control and RHOA-silenced cells showed a reduction in 

colony area after being co-treated with BMP4 and LDN. On the other hand, the colony area 

was greatly reduced in control cells when LDN was added, and it was significantly reduced 

in shRHOA cells when BMP4 was added (Figure 7.4).  
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Figure 7.4: Effect of BMP4 on the clonogenic potential of shear-stressed silenced breast cancer cells. To 

determine the effect of BMP on shear tolerance, silenced breast cancer cells subjected to shear stress in 

conjunction with BMP4 (10ng/ml) and LDN (1µM/ml) were plated to form colonies for 14 days. Following 

an effective incubation, colonies were fixed with methanol and stained with crystal violet solution. Images 

were taken with a microscope, and the area was calculated with Fiji software A. depicts the colony images 

for silenced MCF7 cells, where cells left untreated (control) or treated with BMP4, LDN, BMP4+LDN and 

black line in images represents the scale bar of 200µm. B. and C. represent the percentage of colony number 

and colony area for MCF7. Values are mean ± SE, n=3-4 independent samples, *p<0.05, **p<0.005, not 

significant (ns), p>0.05 
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7.2.3 Silencing of β-catenin and RHOA modulates BMP, Wnt and Notch pathway 

genes 

The above data suggests that a cross-talk may exist between the BMP4-Wnt and BMP4-

RHOA pathways; however, how these pathways are interconnected remains unclear. So 

comprehensive gene expression analysis was conducted to determine the interactions. 

The transcriptional factors associated with the BMP signalling pathway were examined to 

determine the nature of the interaction between pathways. When β-catenin was silenced in 

MCF7, the expression of BMP4 was significantly upregulated, whereas the expression of 

BMPR1A and BMPR2 was downregulated. In RHOA-suppressed cells, the expression of 

BMPR1A increased while that of BMPR2 decreased (Figure 7.5 A). RHOA silencing in 

MDA-MB-231 reduced the expression of BMPR1A and ID4, whereas β-catenin silencing 

consistently decreased BMP signalling components such as BMP4, BMPR1A, BMPR2, and 

ID4. The expression of BMP6 was notably upregulated in both silenced cells (Figure 7.5 

B). This demonstrates that RHOA and Wnt signalling modulate BMP signalling in MCF7 

and MDA-MB-231 in a context-dependent manner. 

To further determine the effect of RHOA and β-catenin silencing on Wnt and Notch 

signalling, the expression of associated genes was also analysed. Suppressing β-catenin led 

to a significant reduction in Wnt signalling-related transcripts. FZD2, LEF1, and S100A4 

expression were found to be downregulated in shβ-cat-MDA-MB-231 cells. Similarly, β-

catenin silencing substantially downregulated the Notch signalling pathway, as 

demonstrated by the decreased expression of DLL1, NOTCH1, NOTCH2, NOTCH3, and 

HES2. As shown in Figure 7.6, the RHOA silencing did not directly influence the Wnt and 

Notch signalling genes. Consequently, these results indicate that Wnt signalling can also 

modulate Notch signalling. 
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Figure 7.5: Effect of silencing on downstream targets of BMP signalling. Silenced MCF7 and MDA-MB-

231 for RHOA, β-catenin, and scramble (control)were lysed and RNA was isolated. After synthesizing cDNA 

using reverse transcription, qPCR was conducted to assess various gene-level expressions. The fold change 

in expression level was calculated with the ∆∆Ct method. The bar graph depicts the fold change in gene 

expression profiles of BMP4, BMPR1A and BMPR2 in MCF7 as represented in A. and BMP4, BMP6, 

BMPR1A, BMPR2 and ID4 in MDA-MB-231 as represented in B. Values are mean ± SE, n=3 independent 

samples, *p<0.05, **p<0.005. 

 

Figure 7.6: Effect of silencing on downstream targets of Wnt and Notch signalling. MDA-MB-231 cells 

that have been silenced for RHOA, β-catenin, and scramble (control) were lysed and RNA was extracted. 

qPCR was used to examine various gene-level expressions after cDNA was synthesised using the reverse 

transcription. The fold change in expression level was calculated with the ∆∆Ct method. The bar graph 

depicts the fold change in gene expression profiles of FZD2, LEF1, S100A4, DLL1, NOTCH1, NOTCH2, 

NOTCH3, DNER and HES2 in MDA-MB-231.Values are mean ± SE, n=3 independent samples, *p<0.05. 
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7.3 Discussion 

Cell proliferation, differentiation, and migration are just some cellular processes involving 

the BMP, RHOA, and Wnt networks. Activation of one route has been shown to affect the 

activity of others, a phenomenon known as "crosstalk”. To establish the cross-talk between 

these three essential pathways, breast cancer cells (control cells, RHOA and β-catenin -

silenced cells) were subjected to multiple analyses in the presence of BMP4, LDN, and 

Y27632.  

The introduction of constitutively active RHOA, which reduces the expression of SOX2 

and NANOG, demonstrated that activated Rho decreased AKT phosphorylation and 

decreased human embryonic cell proliferation (Teramura et al., 2012). However, when 

RHOA and β-catenin were silenced in MCF7, our study found that the expression levels of 

OCT4A, SOX2, and NANOG elevated abruptly. Low proliferation in MCF7 was 

corroborated by reduced expression of CCND1 and ALDH1A3 during β-catenin silencing. 

(Masuko Katoh & Katoh, 2022)  Katoh et al, reported directional control of Wnt/ β-catenin 

signalling to regulate CCND1 expression, as well as context-dependent trajectories in the 

regulation of proliferation, immune survivability, plasticity, and migration (Fodde & 

Brabletz, 2007). The increased expression of CDH2 after RHOA silencing suggests an 

increase in migration, but in vitro, we failed to see such an impact on the migration of 

MDA-MB-231. On the other hand, high expression of CD24 at the mRNA level supported 

less growth of RHOA-silenced cells. The functional aspect of β-catenin silenced cells and 

mRNA levels of genes such as CCND1, OCT4S1, SOX2, and ALDH1A3 showed opposite 

relationships. β-catenin silencing also downregulated the Notch signalling and Wnt 

signalling, which was confirmed by the downregulation of NOTCH1, NOTCH2, HES2, 

DLL1 and FZD2, LEF1 and S100A4 expression respectively.  

The increased β-catenin mRNA transcript level in MCF7 and the increased β-catenin 

protein level in MDA-MB-231 of RHOA-silenced cells indicate that RHOA can suppress 

β-catenin; however, this research did not identify whether it did so directly or through an 

intermediate molecule. In both cell types, RHOA silencing in the presence of BMP4 had 

the opposite effect on colony formation compared to the control, indicating that BMP4 

regulates cellular function through RHOA signalling. One study found that the lack of 

Smad4, a downstream target of BMP signalling, enhanced the metastasis of colorectal 
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cancer cells via RHO-ROCK signalling, confirming the existence of cross-talk between 

BMP4 and RHOA (Voorneveld et al., 2014).  

In contrast, BMP4 treatment of MCF7 cells decreased β-catenin expression, indicating that 

BMP4 can regulate Wnt/ β-catenin signalling. A similar pattern was reported by Zhang et 

al, (He et al., 2004), where BMP4 inhibited intestinal cell proliferation by inhibiting the 

Wnt/β-catenin pathway. Similarly, the development of arterial capillaries by bone 

morphogenetic protein requires a β-catenin-dependent transcription (Kashiwada et al., 

2015). Multiple studies have demonstrated the parallel significance of BMP and Wnt 

signalling in osteoblast function and bone repair (Tang et al., 2010; Wu et al., 2012). 

However, this cannot be established from our investigation because the changes were not 

conclusively demonstrated.  

Further reduction of BMP4, BMPR1A, BMPR2, and ID4 expression in β-catenin silenced 

MDA-MB-231 indicates that Wnt signalling can influence BMP4 signalling in a variety of 

ways: by affecting the receptor before the signalling cascade begins, by inhibiting BMP4 

binding to the receptor, and by downregulating the expression of BMP4 and ID4. In 

contrast, RHOA silencing in MDA-MB-231 downregulated only ID4, indicating that it 

only influences the functional effect governed by ID4, not the entire BMP signalling 

pathway. Similarly, one of the findings in dental pulp repair demonstrates that both RHOA 

and Wnt/β-catenin can influence downstream targets of TGF-β signalling (Shao et al., 

2011).  

7.4 Conclusion 

There exists a context-dependent cross-talk between Wnt and RHOA signalling (Figure 

7.6). This study revealed, for example, that under shear stress conditions, Wnt regulates 

RHOA, but it remains uncertain whether this regulation is direct or mediated by 

transcription factors which get activated under stress conditions. In contrast, the inhibitory 

effect of RHOA in MCF7 and the regulatory effect in MDA-MB-231 discovered in this 

study further confirm the context-dependent cross-talk between RHOA and Wnt. Both Wnt 

and RHOA signalling can modulate BMP4 signalling in MDA-MB-231, but the cross-talk 

between Wnt and RHOA in the presence of BMP4 in MCF7 remains unclear. The 

regulatory or inhibitory effect of Wnt and RHOA is carried out exclusively at each stage of 

signalling; it can be receptor-oriented, affecting BMPR1A and BMPR2, or it can be 

downstream, affecting BMP4 and ID4. Thus, in MDA-MB-231, Wnt signalling controls 
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both BMP4 and RHO-ROCK signalling, whereas, in MCF7, Wnt regulates via RHO-

ROCK signalling, but the context for BMP4 signalling is unclear. To thoroughly connect 

these three pathways and identify a common point at which the entire signalling cascade 

can be inhibited to control the progression of cancer, further research is required 

 

 

 

 

 

 

Figure 7.6: Cross-talk between β-catenin, RHOA and BMP4 in breast cancer cell lines. 
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   Conclusion 

Thus, the current study infers the context-dependent function of BMP4 signalling. 

Exogenous rhBMP4 protein increased the proliferation, migration, anoikis resistance, 

chemoresistance, and metastasis of triple-negative breast cancer cell lines. On the contrary, 

the inhibition of BMP4 signalling led to an increase in the ability of self-renewal and three-

dimensional growth in breast cancer cell lines that are positive for ER/PR and Her2. 

Moreover, it additionally increased resistance to anoikis in Her2-positive breast cancer 

cells, and a temporary change in behaviour was observed in ER/PR breast cancer cells. 

Thus, it can be concluded that targeting BMP signalling may be an effective treatment for 

triple-negative breast cancer.  

The non-canonical (RHO-ROCK signalling) and canonical (β-catenin) Wnt pathways were 

examined in the later section of the research. Alongside the silencing of RHOA and β-

catenin, Y27632 was utilised to inhibit ROCK kinase. Migration was enhanced in both 

MCF7 and MDA-MB-231 cells when ROCK was inhibited. By silencing RHOA and β-

catenin, proliferation, migration, anoikis resistance, and shear-stress tolerance were all 

diminished in MCF7 cells. In contrast, self-renewal was inhibited in MDA-MB-231 by 

suppressing RHOA and β-catenin, but 3D growth and migration remains unaffected. 

Anoikis resistance and shear stress tolerance were reduced when β-catenin was silenced, 

whereas suppressing RHOA increased these assays, suggesting that RHOA plays a 

compensatory role. The observed elevation in ERK levels in response to stress following 

the inhibition of RHOA and β-catenin in both MCF7 and MDA-MB-231 cell lines suggests 

that ERK signalling undertakes a compensatory role during stressful conditions. In relation 

to cross-talk, there appears to be a compensatory relationship between RHOA and β-

catenin in a stage-specific manner in both cell lines. It has been observed that the Wnt/β-

catenin signalling pathway modulates BMP4 pathway, whereas BMP4 regulates RHOA 

signalling via unknown transcription factors. Thus, there is a possibility that inhibiting Wnt 

signalling could serve as a potential treatment option for breast cancer. 
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Figure 8.0: Cross-talk between signalling pathways. A. represents the cross-talk between β-catenin, BMP4 

and RHOA in ER+ PR+ cells (MCF7) and B. represents the cross-talk between Notch, BMP4, β-catenin, and 

RHOA signalling in ER- PR- Her2- cells (MDA-MB-231).
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Future Prospects 

Possibilities for the future of this study include determining the contextual function of BMP 

signalling in breast cancer cells as a result of the presence or absence of the cell-surface 

BMP receptor or the differential expression of the ER, PR, and Her2 hormone receptors. 

In addition, in-vivo studies are required to investigate the impact of gene silencing on the 

progression of malignancy. To thoroughly comprehend the intricate dynamics between 

RHOA and β-catenin, more research is required. The upregulation of pERK1/2 under shear 

stress conditions has been extensively investigated in endothelial cells and smooth muscle 

cells. However, the implications of the increase in pERK1/2 levels in relation to cancer 

remain unknown. 
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