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ABSTRACT 

Expression and Functional Analysis Caveolar and SNARE 

Proteins in Cancer Progression 

Membrane proteins are highly important players that help to maintain cellular 

integrity and control cell to cell interactions. One of the most intricate mechanisms of 

cell to cell communication is via vesicles formation and trafficking, carrying signaling 

proteins and molecules. Caveolar complex and SNARE (Soluble N-ethylmaleimide-

sensitive-factor attachment protein receptors) complex are among the membrane 

protein complexes that are functionally involved in vesicle trafficking and so are 

critical in cell to cell communication and development. Recent studies have observed 

an association of dysregulation of gene expression of CAV1and, DNM2 with cancer 

progression. Strategic components of SNARE machinery, Synaptobrevin2/Vesicle 

associated membrane protein-2 (v-SNARE) and Syntaxin 1A (t-SNARE) play a 

critical role in colon, lung and breast cancer progression and metastasis.  In this study, 

we analyzed the relative expression of the STX1A, VAMP2, CAV1, and DNM2 for 

their possible association in the progression and metastasis of bladder cancer. The 

quantitative expression of the target genes was observed in human bladder cancer 

samples. The expression of STX1A, VAMP2, CAV1, and DNM2 were increased 5-fold, 

2.9-fold, 8.88-folds and, 8.62-fold respectively. The overall expression of STX1A and 

VAMP2 found to be elevated significantly (P<0.0001) in high-grade tumors cells 

compared to normal and low-grade tumors. Similarly high-grade tumors had 

significantly higher expression of CAV1 (P<0.0001) and DNM2 (P<0.0001) 

compared to low-grade tumors. The correlation between the STX1A and VAMP2 was 

positive while between CAV1 and DNM2 the correlation was found strong positive.  

These data suggests that the increased expression of the key components of caveolar 

and SNARE complex might be responsible for the tumor grade and stage progression 

in bladder cancer. To further dissect the downstream signaling involved in vesicular 

trafficking we selected Cav-1 protein to provide an insight into its functional aspects. 

For this purpose we exploited a functional disruption imposed by a specific frame 

shift mutation at F160X resulting into truncated protein. Functional analyses of this 

Cav-1-mutant protein in MIA-PaCa-2, HT1376, HCT116, HT-29, and HCC827 

showed that the Cav-1-mut cells have reduced growth, proliferation with improved 
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mitochondrial respiration. The Cav-1-mut cells showed increased OCRs and reduced 

ECARs showing their reduced glycolytic behaviour compared to control cancer cells. 

The functional impact of this mutant Cav-1 might be the missing C-terminus 

including the important conserved phosphorylation site S168E, which is required for 

the translocation of the Cav-1 protein. As a structural component of caveolae, Cav-1 

interacts with signaling molecules via a caveolin scaffolding domain (CSD) regulating 

cell signaling. Recent reports have shown that Cav-1 is a negative regulator in tumor 

metastasis. Therefore, we hypothesized that Cav-1 inhibits cell migration through its 

CSD. HeLa cells were engineered to overexpress Cav-1 (Cav-1 OE), Cav-1 without a 

functional CSD (∆CSD), or enhanced green fluorescent protein (EGFP) as a control. 

HeLa cell migration was suppressed in Cav-1 OE cells while ∆CSD showed increased 

migration. This altered migration corresponded to a decreased expression of zona 

occludens (ZO-1) with increased expression of vimentin. This shows that the CSD 

impacts the migratory phenotype in HeLa cells. Impact of Cav-1∆CSD on cellular 

migration was further confirmed in epithelial based colon cancer cell lines that have 

high (HCT116) and low (HT29) expression of this gene. To further elucidate the 

function of CSD we explored the JAK/STAT3 signaling account for the 

hypermigratory phenotype in the Cav-1∆CSD cells.  Phosphorylated STAT3 was 

decreased in Cav-1 OE cells compared to control and ∆CSD cells; reducing STAT3 

expression alone decreased cell migration. ∆CSD blunted HeLa proliferation by 

restricting the cells in G2/M phase of the cell cycle. Overexpressing the CSD peptide 

alone suppressed HeLa cell migration and inhibited phosphorylation of STAT3. These 

data suggests the importance of CSD as a negative regulator of STAT3 

phosphorylation. Our functional investigations of Cav-1 specifically revealed that 

Cav-1 CSD may be critical in controlling the dynamic phenotype of cancer cells by 

facilitating the interactions of specific signal transduction pathways, regulating 

STAT3 and participating in a G2/M checkpoint. Modulating the CSD and targeting 

specific proteins may offer potential targets for novel therapies to control cancer 

metastasis. 
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1.1 Cancer 

Cancer development involves complex signaling pathways that lead to abnormal 

proliferation through reprogrammed cell metabolism, escaping immune destruction, 

replicative immortality, inhibition of programmed cell death, angiogenesis, multiple 

positive feedback of growth signaling, and modulation of the tumor microenvironment. 

Cancer cells undergo physiological and morphological abnormalities and are provided 

with the specific support to their survival and spread to other parts of the body. A 

significant outcome of cancer is metastasis and invasion to other normal adjacent and or 

distant organs.  Cell proliferation and metastasis in cancerous conditions are a result of 

several mechanisms that involve disrupted signaling pathways. Signaling pathway 

disruption underlies genetic instabilities with the interplay of epigenetic gene regulation. 

The major hallmarks of cancer are the biological processes that undergo reprogramming 

during the development of the cell (Fig 1.1). They majorly constitute the metabolic 

reprogramming that controls the cell's existence. Apart from survival, cancer progression 

is a continuous process of avoiding the immune response during invasion and metastasis 

(Hanahan & Weinberg, 2011)    

1.1.1 Cancer Progression through Membrane Proteins  

The cancer cell membrane basically shows alterations in structure, compositions and thus 

functions. Cancer cells reorganize their plasma membrane and thus can easily be 

differentiated from the normal cells membrane.  Cancer cells undergo membrane 

transformations as a result of structural and compositional changes. Specialized domains 

like lipid rafts, scaffolding, and receptor proteins are critical for cancer cells. Altered 

release of enzymes, signaling molecules, and oncogenic metabolites via the activity of 

membrane proteins can lead to a malignant microenvironment. These complex events 

could enable cancer cell survival and progression (Nicolson, 2015). Membrane-bound 

receptors or transmembrane receptors function to control cellular communication. Altered 

expression and thus the activity of the various membrane proteins/receptors has been 

reported for the oncogenic activation of signaling cascade/s (Zalba & ten Hagen, 2017). 

The key membrane complexes that regulate transport of signaling molecules, growth 

factors/receptors, metabolites and cytokines are caveolae, CLIC/GEEC, Arf6, fast-  
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Figure 1.1: Major hallmarks of cancer; targeting the cellular and molecular mechanisms that contribute to the cancer progression 
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endophillin, flotillin, clathrin-coated pits, lipid rafts and SNARE complexes (Herrmann 

& Spang, 2015). Although there are several other membrane trafficking pathways among 

which caveolae and SNARE complex-mediated trafficking have been reported critical in 

cancer progression. Altered expression of the key proteins of this complex is found 

associated with cancer development (Martinez-Outschoorn, Sotgia, & Lisanti, 2015; 

Meng & Wang, 2015). 

1.2   Membrane Protein Complexes and Their Interaction 

Lipid rafts are the specific microdomains that enable functional modulation of SNARE as 

well as caveolar complexes. The trafficking of vesicles via these complexes is dependent 

on cholesterol-enriched microdomains. SNAREs have been implicated in the transport of 

cholesterol-rich domains to the plasma membrane, affecting the formation of caveolae 

(Tiwari et al., 2011). The caveolar complex is also known to contribute to the lipid 

metabolism and homeostasis of the cell (Cheng & Nichols, 2016). Hence both SNARE 

and caveolar complexes residing in the membrane are critical for the normal cell 

function.  

1.2.1 Interaction between SNARE and Caveolar Proteins 

The membrane function of exocytosis and endocytosis involves a number of signaling 

proteins that interact with each other to perform the above-mentioned functions. The 

SNARE proteins (Synaptosomal associated protein 25) form short term ATP driven 

complexes with the caveolar proteins (Caveolins) during vesicle fusion (J. M. Magga et 

al., 2002). Caveolin-1 also interacts with the Vesicle Associated Membrane Protein 2 

(VAMP2) via Cdc42 and forms a complex on the membrane of insulin granules formed 

by pancreatic ß-cells (Nevins & Thurmond, 2006). The localization of the caveolin-1 

with the SNARE proteins in human sperm indicates the cooperative function of 

membrane fusion (Sousa, Gomes-Santos, & Ramalho-Santos, 2006). However, these 

findings need further investigations of the critical interaction between the two complexes 

that usually function for membrane trafficking. These interactions might impart 

metabolic alterations in cancer cells when there is a dysregulated and or disturbed 

expression of the key proteins of the two complexes.  
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1.3  SNARE Complex 

Transport of molecules between cells is the hallmark of functional activity of the cell to 

maintain tissue integrity during quiescent and or developmental stages of the cell. This 

transport of molecules via transport vesicles is of various kinds depending upon the 

specification and mechanisms. There are distinct domains, complexes and even 

organelles (membrane-enclosed compartments) that perform the process of vesicular 

transportation to and from the cells secretory pathway. SNARE (soluble N-

ethylmaleimide-sensitive factor attachment protein receptor) is one of the protein 

complexes that facilitate the delivery of cargo in the form of vesicles from one cell to 

another. The cargo contains signaling molecules, lipids, membrane receptors, 

metabolites, and various enzymes. Appropriate functioning of such trafficking of 

important molecules is necessary for cell development and differentiation via cell to cell 

interaction. Dysregulation of SNARE assembly, vesicular docking and disassembly are 

implicated in cancer development as well as other cellular malignancies underlying 

abnormal endocytosis and or exocytosis (Yoon & Munson, 2018). 

1.3.1 Structure and Function of Snares  

SNAREs are a highly conserved family of 20 to 30kDa receptor proteins that are 

specialized for intracellular vesicle fusions. They have specific SNARE motifs that are 

composed of ~60-70 residues that facilitate highly coiled structures at the c-terminal. 

Generally, SNAREs have central SNARE domain and is known as the functional domain 

(Rothman, 1994). Initially, the receptor proteins that are associated with vesicles were 

called v-SNAREs and those associated with membranes of target cells were called target 

or t-SNAREs. Further investigations into the fine structure of these proteins revealed that 

the central Arginine is found in SNARE domains of v-SNAREs (R-SNAREs) while those 

with glutamine or aspartate are present in t-SNAREs (Q-SNAREs). Q-SNARE is further 

divided into three different types Qa Qb and Qc (Bock, Matern, Peden, & Scheller, 2001). 

Basically, well-known v-SNAREs are VAMPs (Vesicle Associated Membrane Proteins) 

that facilitate docking onto the t-SNAREs (Syntaxins, and SNAP (Synaptosomal 

Associated Protein)) present on the target cell membrane (Figure 1.2).  The function 

associated with the SNARE proteins is exocytosis via the Golgi apparatus that involves 
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Figure 1.2: Schematic model representation of SNARE complex showing the formation of the SNARE complex. The interaction 

pattern involves the t-SNAREs (Syntaxin1, SNAP25) present on the plasma membrane of the target cell, with V-NAREs (VAMP2) 

present on the membrane of vesicle showing docking of the vesicle onto the target membrane of the target cell. Synaptotagmin is 

involved in Calcium sensing and regulates the SNARE assembly. Munc 18 stabilizes the SNARE complex. Modified from  (Mochida, 

2000).         
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v-SNARE cellubrevin or VAMP3 and the t-SNARE syntaxin-2 or syntaxin-4 and 

SNAP23. However, more importantly it also works at cell surfaces involving v-SNARE 

synaptobrevin-2 or VAMP2 and t-SNARE syntaxin-1 and SNAP25. SNARE-mediated 

vesicle formation and fusion is the function of SNARE proteins present on this respective 

organelle. 

1.3.2 Mechanism of Vesicle Fusion 

Vesicle fusion has been extensively studied in neuronal cells. The synaptic vesicle fusion 

has shown to effectively regulate intercellular communications. Vesicle fusion in various 

cell types is mediated by different sets of the SNARE complex, which also are tissue-

specific. Vesicle fusion is triggered by the active zone between the vesicle and the target 

membrane that facilitates the SNARE interactions (Whyte & Munro, 2002). As soon the 

vesicle comes close to the target membrane, tethering of SNRAE complex takes place as 

the first event. v-SNARE gets activated and forms a complex with the t-SNARE i.e., 

docking takes place as a second step during vesicle fusion and after that calcium-

dependent priming and fusion is of vesicle is achieved (Smyth, Duncan, & Rickman, 

2010). One of the important modulators of the SNARE complex is Munc-18 that provides 

stability and assists in complex formation during vesicle fusion. Munc-18 has been 

shown to directly bind to syntaxin 1A (Shi, Kummel, Coleman, Melia, & Giraudo, 2011). 

Finally the vesicle fusion is mediated by differential membrane potential regulated by 

calcium flux at the active zone. SNARE proteins have direct interaction with calcium-

gated channels. Depolarization of the plasma-membrane caused by calcium influx leads 

to structural changes in the SNARE complex (X. Han & Jackson, 2006).These structural 

transformations mediate vesicle fusion (Sharma, Burre, & Sudhof, 2011) after the release 

of vesicular contents into the target cell after which the complex is disassembled through 

ATP hydrolysis by NSF (N-ethylmaleimide-sensitive factor) ATPase activity. NSF and 

its cofactor α-SNAP (Synaptosomal Associated Protein) are required for the disassembly 

of the SNARE complex (Pabst et al., 2001). 

1.3.3 Role of SNARE Proteins in Cancer Progression 

SNARE proteins are involved in tumor invasion by altering the distribution of integrins 

on the cell surface. Integrin β1, Src, and EGFR are associated with the invadopodia
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formation and are dependent on SNARE-mediated membrane trafficking (K. C. Williams 

& Coppolino, 2014). SNAREs (SNAP23 and VAMP3) mediate secretion of cell 

transformation associated cytokines (TGF-α, TNF-α, and IL-6) which triggers the 

inflammatory response that promotes tumor formation (Boddul, Meng, Dolly, & Wang, 

2014; Stow, Manderson, & Murray, 2006). TNF-α and IL-6 induce the expression of 

MMPs thus driving the metastasis of tumor cells. For tumor cells, autophagy is an 

important event. SNAREs (STX7, STX8, and VAMP8) are known to be involved in the 

transportation and recruitment of autophagy-related gene (Atg) products to initiate 

autophagy. Knockdown studies have shown that VAMP8 and VAMP3 are essential for 

the downstream process of autophagy (W. Feng et al., 2011). SNARE co-factors regulate 

intracellular kinases and thus function as distinct features of cancer progression via 

protein kinases (Wu, Sun, Chien, & Chao, 2011). Various syntaxins and VAMPs have 

been shown to be associated with cancer development and might be regulated by an 

oncogene. However, different isoforms of syntaxins and VAMPs including SNAPs have 

served as tumor markers. Genes of SNARE of STX1A, VAMP2, and SNAP25 were 

identified as a marker for metastatic osteosarcoma, colorectal and lung cancer 

respectively (Grabowski et al., 2002; GRABOWSKI et al., 2004). In cancer research 

SNARE proteins are identified for their unusual functions in tumorigenesis. Among the t-

SNAREs and v-SNAREs, STX1A and VAMP2 were shown to be limited to the brain 

pathologies. However their role in cancer progression via invasion and metastasis in other 

organs including prostate, breast, cervical bladder and colorectal cancer has not been 

studied. SNARE proteins are not only involved in transport of neurotransmitter and 

neuropeptides but also transfer growth factors, recycled receptors or integrins and are 

involved in secretion of matrix proteases that gives the cell space for invasion and 

migration, thus involved in the cell progression in a regulative manner (Enrich, Rentero, 

Hierro, & Grewal, 2015). STX1A and VAMP2 have been reported as regulatory proteins 

of the SNARE complex that are involved in cell navigation and migration and hence 

metastasis in cancer cells (Friedl & Alexander, 2011; Zylbersztejn & Galli, 2011). 

1.3.4 Syntaxin 1A 

Syntaxin 1A is a member of the syntaxin superfamily and is significantly expressed in 

nervous tissue and is moderate to low expressed in other tissues.  Specifically, in brain 
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tissue, STX1A is responsible for the docking of synaptic vesicles on to the target cell 

membrane and the transport of vesicles.  This gene is associated with vesicle exocytosis, 

insulin secretion and regulation of the Ca
+2

 ion channel and mediates acrosomal reaction 

(https://www.kegg.jp/kegg-bin/show_pathway?hsa04130). STX1A protein is 33kDa and 

has ten splice variants among which only four are directly mapped and protein coded 

(https://www.proteinatlas.org/ENSG00000106089-STX1A). Apart from the tumor 

formation activities of overly expressed STX1A in brain cells, especially in Glioblastoma 

(Ulloa et al., 2015), it has also been found to be overexpressed and implicated as a 

prognostic marker in non-small cell lung cancer (NSCLC) (Boutros et al., 2009). 

Overexpression of neurogenes including STX1A in breast cancer has also been reported to 

be associated with shorter overall survival in patients (Fernández-Nogueira et al., 2016).  

1.3.5 Vesicle Associated Membrane Protein 2 

Vesicle Associated Membrane Protein 2 is a member of the synaptobrevin family and is 

the main component of the vesicle docking complex. VAMP2 is a 12.7kDa protein and 

has four protein coding splice variants. According to the Human Protein Atlas reports, 

VAMP2 is implicated as a prognostic marker for renal, endometrial and pancreatic cancer. 

Overexpression of VAMP2 is found positively associated with the carcinoma of the above 

mentioned organs (https://www.proteinatlas.org/ENSG00000220205-VAMP2). VAMP2 

in a gene fusion with NRG1 has been found translocated on the membrane of the NSCLC 

cells in an anchorage-dependent manner and targets the downstream AKT and ERK 

pathway (Jung et al., 2015). VAMP2 is a key component of the SNARE complex 

together with STX1A that mediate vesicle exocytosis. Renin secretion from 

Juxtaglomerular cells is carried out through exocytosis by the VAMP2 via stimulating 

cAMP (Mendez, Gross, Glenn, Garvin, & Carretero, 2011). Integrin transportation 

through vesicle exocytosis and or endocytosis is critical for cell adhesion and migration. 

VAMP2 is involved in the transport of integrins to the membrane thus affects the cell 

motility and migration due to its expressional disruption (Hasan & Hu, 2010). 

1.4  Caveolar Complex Function and Organization 

Caveolae are the bulb shaped invaginations in the plasma membrane of all vertebrate 

cells (Stan, 2005). Caveolae are dynamic structures having diversified functions from 

https://www.kegg.jp/kegg-bin/show_pathway?hsa04130
https://www.proteinatlas.org/ENSG00000106089-STX1A
https://www.proteinatlas.org/ENSG00000220205-VAMP2
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signal transduction to mechanical protection against physical stress,  adhesion, and 

migration (Cheng & Nichols, 2016).  Expression disruption and mutations in key protein 

components of the caveolar complex lead to physiological disorders and malignancies 

that include cancer development and metastasis (Drab et al., 2001). The caveolar 

complex is made up of basically two important components, caveolins (1 to 3) and cavins 

(1 to 4) (Figure 1.3). The structural architecture shows that caveolin-1 and cavin-1 are 

primary requirements for the caveolae formation and assembly of the caveolae pit 

surrounded by striated coatings of filaments (Gambin et al., 2013; Hansen & Nichols, 

2010; Rothberg et al., 1992). Other than mechanical function and cell integrity 

maintenance, caveolae have an important function of endocytosis as well as transcytosis 

(Cheng & Nichols, 2016). The process of endocytosis through caveolae is clathrin-

independent and is mediated by the caveolin-1, dynamin 2 a GTPase and or EH domain-

containing protein 2 (EHD2) an ATPase. The excision made at the neck of the caveolar 

bulb is derived by the dynamin 2 and or EHD2 (Morén et al., 2012; Oh, McIntosh, & 

Schnitzer, 1998). Caveolae are also involved in the cholesterol homeostasis by regulating 

the cholesterol content of the membrane (Uittenbogaard & Smart, 2000). Cholesterol 

transport from the endoplasmic reticulum (ER) to the cell surface and back to the ER is 

carried out by the transport vesicles and one of the mechanisms of this transport 

identified was through caveosomes (Smart, Ying, Donzell, & Anderson, 1996). Apart 

from the function of endocytosis and cholesterol transport, caveolae also function as 

signal transducers. It was extensively studied in the past few years that protein receptors 

concentrate in the caveolae for their downstream signaling.  

G-protein coupled receptors (GPCRs) are one of the superclass protein receptors that 

have multiple transduction pathways downstream, are associated with caveolae (C. Y. 

Chen & King, 2006; Ostrom, 2002). Caveolae were investigated extensively in 

cardiovascular diseases and were implicated for the regulation of endothelial nitric oxide 

synthase resulting in oxidative stress-related abnormalities (Mineo & Shaul, 2012). 

Previous studies have reported a major role for proteins DNM2 and EHD2 in the excision 

of caveosome during endocytosis in cancer development. Knockdown and gene silencing 

of the dynamin 2 (DNM2) in acute lymphoblastic leukemia was found to be effective for 

reduced cancer proliferation (Ge et al., 2016; Yi, Liu, Zhong, & Zhang, 2014).  DNM2 
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Figure 1.3: Diagrammatic representation of the caveolar complex. The electron microscopic image is elaborated with the structural 

components of the caveolae;  adapted from (Parton & Simons, 2007). 
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directly interacts with the Cav-1 during the endocytic process. Expression disruption of 

DNM2 promotes tumor formation and metastasis in ductal carcinoma of the pancreas 

(Eppinga et al., 2012). Overall the caveolar complex has a precarious role in cancer 

progression demonstrated by the recent studies mentioned above. 

1.4.1 Caveolin-1  

In the 1990s the first molecular marker identified for the caveolae was caveolin-1. 

Caveolin-1 is an integral membrane protein (22kDa, 178 amino acids) that is a central 

part of the caveolae scaffold and functions as a signal transducer (Song et al., 1996). It 

can be soluble as well as integral as it is found embedded in lipoproteins. According to 

the Atlas of Genetics Cytogenetics in Oncology and Hematology (AGCOH), Cav-1 has 

four distinct domains (Caveolin Scaffolding domain, C-MAD, caveolin oligomerization 

domain, and transmembrane domain). There are palmitoylation sites near to the c-

terminal. Phosphorylation sites of Cav-1 are critical to their localization, usually, pS80 

has been observed as secretory while pY14 controls translocation to the membrane 

(Figure 1.4) (A. Schlegel, Arvan, & Lisanti, 2001). The caveolin scaffolding domain 

interacts with different signaling proteins. The class of proteins to which Cav-1 basically 

belongs is cancer-related proteins/Oncoproteins. Caveolar endocytosis requires 

phosphorylation of Cav-1 at Y14 which activates DNM2 for its excision activity 

(Sverdlov, Shajahan, & Minshall, 2007). Cav-1 behaves unusual, as a cancer suppressor 

in few cancers and in others like a cancer inducer. This unusual behavior depends upon 

the tissue type and might be other factors that are currently under observations among 

which; one of the important factors is mitochondrial interaction with Cav-1. There are 

three caveolin genes that are expressed in mammals and are in five isoforms. These genes 

are expressed in tissue-dependent manner however some neuronal cells and lymphocytes 

lack caveolin expression (S. W. Lee, Reimer, Oh, Campbell, & Schnitzer, 1998). 

Caveolin interacts with lipids and is involved in cholesterol transport and in signal 

transduction. 

1.4.2 Role of Caveolin-1 in Cancer Development 

Caveolae regulate several of the communication signals from the cell to the extracellular 

environment and hence, plays a critical role in signaling. Mutations and expression 
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Figure 1.4: Structural presentation of caveolin-1 palmitoylation sites, membrane domain, 

and CSD that interacts with different signaling proteins mentioned. Serine 80 and 

tyrosine 14 are represented by the red dot, the functional phosphorylation sites. Modified 

from (Busija, Patel, & Insel, 2017).   
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lipodystrophy, cardiac diseases, infections, and more importantly tumorigenesis (Lamaze 

& Torrino, 2015). Among caveolins, caveolin-1 (Cav-1) is reported for its tumor 

activator as well as tumor suppressor function. In cancers, Cav-1affects tumor growth, 

proliferation, metastasis, and reprograms cell metabolism according to the needs of the 

cancerous cell via activation of the integrin-mediated signaling that regulates cell cycle 

through the Ras-ERK pathway (H. Wang et al., 2016; Wiechen et al., 2001). 

Cav-1 is implicated as a prognostic marker for lung and renal cancers 

(https://www.proteinatlas.org/ENSG00000105974-CAV1/pathology).  Cancer cells have 

their own specific microenvironment and they express specific markers including tissue-

specific proteins on the cell surface. These receptors and marker proteins concentrate at 

the lipid rafts or caveolae. Mutant (P132L) and or truncated (F160X) caveolin proteins 

have shown the dramatic decrease in cholesterol content and metabolic reprogramming of 

the cell and further development into cancer (Bosch, Mari, Gross, Fernandez-Checa, & 

Pol, 2011; Schrauwen et al., 2015; Siamwala et al., 2017). It was proposed by researchers 

that targeting the caveolae with therapeutic agents and proteins can minimize the risk of 

radiotherapies against tumors and can facilitate site-directed targeting (Massey & 

Schnitzer, 2010). Cav-1 expression is downregulated during detachment and migration in 

normal cells but causes hyper-proliferation when overexpressed in tumor cells 

(Chanvorachote & Chunhacha, 2013). Such data suggest that Cav-1 may act differently 

depending upon the expression of the signaling proteins in the cells and the signal 

cascade being triggered. The study of Cav-1in cancer biology is intriguing, and its effect 

on cancer progression seems to depend upon the cancer type. In breast, colon, lung, 

stomach and ovarian cancer, Cav-1expression is downregulated, whereas in prostate 

cancer, esophageal cancer, Glioblastoma, and adenocarcinoma of the pancreas, 

expression of Cav-1 is upregulated and has been identified as a prognostic target (Parat & 

Riggins, 2012; Patlolla JM 2004; Roy et al., 2008). Cav-1 has the potential to regulate 

diverse cancer-associated processes such as cell 5 transformations, migration, survival 

and death (Senetta et al., 2013). Cav-1 has also been shown to have a critical role in 

tumor progression and metastasis (Chanvorachote & Chunhacha, 2013; Patani, Martin, 

Reis-Filho, & Dowsett, 2012; Tse et al., 2012). 

https://www.proteinatlas.org/ENSG00000105974-CAV1/pathology
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1.4.3 Caveolin Scaffolding Domain in Cancer Signaling 

Caveolins have two main domains, namely a membrane binding domain containing 3 C-

terminal cysteine that can be palmitoylated for membrane anchoring and a caveolin 

scaffolding domain (CSD) which is an aromatic residue-rich motif (Byrne, Dart, & 

Rigden, 2012; Hoop, Sivanandam, Kodali, Srnec, & van der Wel, 2012). The CSD binds 

directly with cholesterol and is involved in cholesterol transport and also provides a 

platform for the caveolar organization of functional proteins to impact signaling (Bosch, 

Marí, et al., 2011; Tagawa et al., 2005). The CSD is a key domain for Cav-1interactions 

with other signaling proteins such as adenylyl Cyclase (AC), heterotrimeric Gα and Gβγ, 

Src, PI3 kinase (PI3K), endothelial nitric oxide synthase (eNOS, NOS 3), protein kinase 

A (PKA), protein kinase C (PKC), and mitogen activated protein kinase (MAPK, ERK) 

(Bucci et al., 2000; Patel, Murray, & Insel, 2008). CSD provides an inhibitory binding 

site for protein phosphatases 1 and 2A and maintains the Akt activity for potential cell 

survival in pancreatic ductal adenocarcinoma (PDAC) (Hehlgans et al., 2009) and 

prostate cancer (L. Li, Ren, Tahir, Ren, & Thompson, 2003). On the other hand, the 

CSD’s inhibitory modulation of cell signaling proteins (i.e., Gi2α, eNOS, Src family 

kinases, EGF-R and PKCα), that are involved in cell proliferation suggests its behavior as 

a negative regulator of cell proliferation and survival (Razani, Woodman, & Lisanti, 

2002). However Cav-1level of expression is critical for its dual behavior together with 

CSD playing an important role in regulating activation of tyrosine kinases as well as 

serine and threonine kinases that are involved in various signaling pathways leading to 

cell growth and proliferation (Figure 1.5) (Razani & Lisanti, 2001; M. Schmitz et al., 

2010; Matthias Schmitz, Zerr, & Althaus, 2011). More importantly CSD modulates the 

activities of different ion channels. It interacts with calcium channel TRPC1 for 

regulating Ca
+2

 influxes through store-operated cation channels affecting cellular 

processes such as cell proliferation and tumor invasion. These cellular mechanisms are 

critically regulated by extracellular Ca
+2

 concentrations and Ca
+2

 influx (Capiod, 2016; 

Kwiatek et al., 2006; Pani et al., 2009; Premanand C. Sundivakkam et al., 2009; Yeh & 

Parekh, 2015). Cav-1scaffolding domain also interacts with voltage-gated sodium 

channel type X and potassium channel (Kv1.3) regulating their surface localization for 

various cellular mechanisms (Ohman et al., 2008; Pérez-Verdaguer et al., 2016). Though 
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Figure 1.5: Schematic presentation of the Caveolin Scaffolding Domain in cancer progression. In normal cells, CSD interacts with 

protein allies keep normal tissue homeostasis. In cancer cells, tumor suppressors are inactivated/lost and are replaced by tumor 

promoters to enable tumor progression. Caveolin-1 via its CSD, in a very critical tissue-specific manner, further facilitates a 

modification from tumor suppressor to tumor promoter functions of the cell. (modified from (Collins, Davis, Hancock, & Parton, 

2012)).
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many studies have focused on the importance of the CSD in cell biology, specifically 

with interaction of specific binding partners, the impact of this domain on cell physiology 

is less well understood. 

1.4.4   Caveolin-1 and Warburg Effect 

Cancer cells maintain their energy requirements through aerobic glycolysis. Developing 

the cell under oxidative stress and hypoxia causes several mutant transformations 

including mitochondrial dysfunctioning as well as mitochondrial autophagy resulting in 

tumor development. Caveolin-1 as a key factor regulating the metabolic activities of the 

cell has a critical role in cancer development that varies with respect to the tissue for 

example in breast cancer, loss of stromal Cav-1 caused tumor progression and metastasis 

(Sotgia et al., 2011). Cav-1deficiency in breast cancer indicated up-regulation of 

glycolytic enzymes and directed the cell for aerobic glycolysis (The Warburg Effect). To 

elucidate this phenomenon it was experimentally found that treating Cav-1deficient 

tumor xenograft mice with glycolysis inhibitors creates a reverse Warburg effect that is 

sufficient to protect cells from progression and metastasis mediated by Cav-1 loss 

(Bonuccelli et al., 2010). However, the story is different from other cancers. 

Overexpression of Cav-1 is implicated to be associated with the aerobic glycolysis and 

oxidative stress by affecting mitochondrial functioning (Figure 1.6).  In colon cancer, 

overexpression of Cav-1 induces the Warburg effect and knockdown studies have shown 

suppression of the aerobic glycolysis. This suppression was found imparted by inhibition 

of GLUT3 and reduction in lactate output (T. K. Ha et al., 2012). Similarly in prostate 

cancer the overexpression of Cav-1 is correlated positively with the hexokinase 2 (HK2) 

and GLUT3 expression and as a result there is increased glucose uptake and increased 

lactate output (Tahir et al., 2013). Overall, Cav-1 plays a dual role in the regulation of 

cancer cell metabolism. Cav-1 basically serves a docking site for glycolytic enzymes like 

phosphofructokinase and aldolase to initiate the Warburg effect in cancer cells. 

1.4.5 Caveolin-1 Mediated Mitochondrial Dysfunctioning 

Cancer cells always use alternative mechanisms of metabolic activities to retain their 

energy requirements. Several unusual metabolites are used by the oncogenic cells, and as 
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Figure 1.6: Cav-1 as an oncogene or tumor suppressor could independently or cooperatively contribute to the Warburg effect and 

disrupts the mitochondrial function by enhancing mitochondrial biogenesis that causes genetic instability through ROS production 

(modified from (Kim & Dang, 2006)). 

 



Introduction                                                                                                     

19 
 

a result, products formed during the alternative pathway while harming the normal 

microenvironment of the cell favors tumor proliferation (Figure 1.4). Alteration in cancer 

cell metabolism is associated with the quantity and quality of the mitochondrial function 

that has been found affected by the Cav-1 expression (Y. H. Chen et al., 2014). Cav-

1Cav-1 plays dual roles as it enhances the mitochondrial function to favor tumor 

proliferation and on the other hand also suppresses the proliferation of cancer cells for 

example in breast cancer. Elevated expression of Cav-1 switches cellular metabolism to 

aerobic glycolysis, unregulated glucose intake via GLUT3. GLUT3 enhanced 

transcription is regulated by Cav-1 mediated activation of HMGA1 that promotes the 

transcription of GLUT3 (T.-K. Ha et al., 2012).  During aerobic glycolysis in cancer 

cells, the cells undergo metabolic reprogramming and modulate the function of the 

mitochondria. The aerobic glycolysis imparts oxidative stress in the cancer cells. Recent 

experiments have indicated the association of mitochondria with the caveolae for the 

modulation of stress adaptation (Fridolfsson et al., 2012). Underexpressing colorectal 

cancer cells (HT29), when transformed for overexpression of Cav-1, led to increased 

localization in the mitochondria and reduced apoptosis (Rimessi, Marchi, Patergnani, & 

Pinton, 2014). Cav-1 expression is critical to the metabolic activity of the cells. Loss and 

or increased expression is linked with metabolic reprogramming by activating or 

suppressing the transcription factors associated with glycolysis. One study revealed that 

Cav-1 expression inversely affects MnSOD gene regulation in breast cancer that triggers 

glycolysis (Hart, Ratti, Mao, Ansenberger-Fricano, Shajahan-Haq, Tyner, et al., 2016). 

Several intermediary products of glycolysis were observed missing in CAV1 

knockdowns, showing the change in the glycolytic pathway. These findings implicate 

that the cancer cells undergo metabolic switching regulated by Cav-1 that preserve their 

energies and prevent apoptosis (Y. H. Chen et al., 2014). Keeping the point in focus, 

Cav-1 deficiencies deregulate lipid metabolism and homeostasis. Accumulation of free 

cholesterol in the mitochondrial membrane and reduction in the OXPHOS are the side 

effects of Cav-1 loss or deficiencies. These results confirm the Cav-1 regulation and 

expression behind the mitochondria related pathologies (Bosch, Mari, Herms, et al., 

2011). .Mitochondrial reparation is very critical for the cell survival and energy 

homeostasis. Cav-1 overexpression could impair the oxygen consumption rates as it 
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modulates glycolysis. Cancers cells have increased extracellular acidification rates due to 

increased lactate secretion and decreased oxygen consumption rates because of the 

aerobic glycolysis. Reduced OXPHOS produces more superoxides and peroxides that 

exert carcinogenic effect thus initiating oncogenic events (S. Wang et al., 2017). Cav-1 is 

known to be an oxidative stress target for cancer therapy (S. Wang et al., 2017); 

mitochondrial reparation is very critical for cell survival and energy homeostasis. 

However still it is under investigation that which particular components residing on the 

mitochondria are the targets for the CAV-1 actions.  

1.5 Aims and Objectives; 

Based on previous findings this study is designed to investigate the role of membrane 

complexes in tumor progression. The main objectives of the study are: 

 Expression Profiling of the Membrane Complex SNARE and Caveolae In 

tumors. Bladder cancer was chosen for this study taken under consideration 

because the SNARE complex had not been explored for expression patterns in 

bladder cancer before, as only  CAV1 has been reported as having differential 

expression in bladder cancer cell lines so far. Thus our aim was to look for the 

gene expression patterns of the key components STX1A, VAMP2, CAV1 and, 

DNM2 of both complexes in bladder tumor samples at different stages.  

 Expression and Functional Analysis of Mutant Caveolin-1 (C.479_480deltt 

(P. F160X)) In Different Cancer Cell Lines. The cell lines selected were 

previously reported to show overexpression of Cav-1. Transformation of the 

MIA-PaCa2, HCT-116, HT-1376, HCC-827, with mutant Cav-1 was done using a 

lentiviral vector. Growth patterns were observed for each transformed cell line via 

respiration of the Cav-1-mutant transformed cancer cells through mitochondria 

(OCR and ECAR) and metabolic shifts during cancer proliferation, imparted by 

the mutant caveolin-1in selected cancer cell lines.  

 The functional role of the caveolin scaffolding domain (CSD) in selected 

cancer cell lines. The cancer cell lines were transformed with ∆CSD which is 

devoid of a scaffolding domain and was subjected to analysis for effects on 

proliferation and migration. The transformed cells were studied for their effects 



Introduction 

21 
 

on the activation and inhibition regulation of JAKS/TAT3 and on expression of 

adhesion proteins ZO-1 and vimentin. Further the cell cycle proteins Cdc2 and 

cyclinB1 were analyzed for their expression and activation. CSD introduction was 

analyzed for its impact on migration corrected with baseline expression of Cav-1.   
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2.1 Tissue Sampling 

The approval for working with human tissue samples was obtained from the ethical 

review board (ERB) of COMSATS University (No. CIIT/Bio/ERB/18/76). Tumor and 

normal tissue samples were collected through Trans Urethral Removal of Bladder Tumor 

(TURBT) procedures from the bladder cancer patients. Fresh samples were immediately 

put into RNA later and soon after transportation RNA extraction were performed. There 

was total of 150 samples collected and after RNA extraction and quantification only 111 

samples were selected, depending upon their RNA integrity, quality and quantity, for 

further experimentation. During sampling, written consent was taken from the patients 

who have undergone TURBT for data collection. The disease histories of patients were 

collected from the Department of Pathology, Pakistan Institute of Medical Science 

(PIMS), Islamabad and Shifa International Hospital, Islamabad, Pakistan.  The total 

number of samples collected were n=109.  The surrounding normal and healthy tissue 

samples were also collected to be used as controls.  

2.1.1 Tumor Histopathology 

The histopathology reports of the patients involved in the study were obtained from the 

Department of Urology,  PIMS and Shifa International Hospital, Islamabad Pakistan. The 

data collected were sorted according to the International Society of Urological Pathology 

(WHO/ISUP) 2004, grading of bladder cancer (Figure 2.1). The staging of tumor samples 

was done following the Tumor Node and Metastasis (TNM) based protocol presented by 

the American Joint Committee on Cancer 2017 (Table 2. 1). Significant distribution of 

tumor grade and stage among the gender and age intervals was generated and shown in 

result section. 

2.2 Quantitative PCR 

The tumor and the adjacent normal tissues were kept in RNAlater® (Ambion, Thermo 

Fisher Scientific Inc. Waltham, MA USA) for transportation. The samples were treated 

with the RNA extraction protocol using Trizol reagent (Rio, Ares, Hannon, & Nilsen, 

2010). The protocol is optimized for RNA extraction from bladder tumor and normal 
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Figure 2.1: A demonstration of bladder tumor histopathological staging and grading. (Modified from Nature Reviews (Sanli et al., 

2017)).
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Table 2.1: Staging of Bladder cancer according to American Joint committee on Cancer 

AJCC (2018) 

Grade Stage Tumor (T) Node (N) Metastasis 

(M) 

PUNLMP Stage 0 Ta N0 M0 

 Stage 0is Tis N0 M0 

Low Grade Stage I T1 N0 M0 

 Stage II T2a, T2b N0 M0 

High Grade Stage III T3a, T3b N0 M0 

 Stage IV T4a, T4b N0 M0 

  Any T  N1-3 M0 

  Any T  N1-3 MI 

Notes: According to WHO/ISUP 2004. PUNLMP, papillary urothelial neoplasms of low malignant 

potential;  According to AJCC, N0,  no lymph node involvement, N1-3 involvement of node to distal and 

proximal lymph    nodes; M0, no metastasis found, MI, metastasis present 
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tissue samples. The extracted RNA was quantified using Thermo 

Scientific™ NanoDrop 2000 and 2000c.  RNA integrity was analyzed using 2100 

Agilent Bioanalyzer (Agilent 2100 Bioanalyzer 3G2938, Agilent Technologies, CA, 

USA.). One to two micrograms of quantified RNA was used for the cDNA synthesis 

using a cDNA synthesis kit (RevertAid First Strand cDNA Synthesis Kit, Catalog No. 

K1621, Thermo-Scientific USA).  

2.2.1 Primer Design for qPCR 

Primers for the selected genes were designed specifically to run qPCR for expression 

analysis.  Primer Quest tool (Integrated DNA Technologies) was used initially to design 

the primers and then the primes were further edited for acquiring specifications for qPCR. 

TUB3 was used as an endogenous housekeeping gene. The primers specific to STX1A-

001, VAMP2-001, CAV1-001, and DNM2-001 variants and TUBB3 (tubulin beta 3) were 

purchased from IDT (Integrated DNA Technologies). The primer sequence, location and, 

specification are given in (Table 2.2). To ensure the specific amplification of the selected 

genes by the designed primers, UCSC in-silico PCR was performed.  

2.2.2  Expression Analysis using qPCR 

Real-Time PCR (StepOnePlus™ Real-Time PCR system (Applied Biosystems™) was 

run to obtain the expression of selected genes. The experiment was run for three 

biological and three technical replicates with negative controls for each. The volume per 

reaction was optimized to 25ul with SYBR Green Master Mix. 2ug/ul concentration of 

cDNA was taken of each sample. The melt curve of each sample was obtained to check 

whether the non-targeted fragment is amplified. The relative fold increase in the 

expression of the target genes was analyzed using 2
-∆∆

CT method (Livak & Schmittgen, 

2001). The data were normalized with the endogenous control TUBB3. The fold increase 

in the expression of target genes was determined by calculating the relative expressions 

of the genes in each tumor sample. 

2.3 Cancer Cell-line Cultures   

The cell lines used were purchased from ATCC
®
. Bladder epithelial cancer cell line (HT-

1376 ((ATCC
®

 CRL-1472
™

)), pancreatic cancer cell lines (MIA-PaCa-2 

https://www.atcc.org/Products/All/CRL-1472.aspx
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Table 2.2: Primer sequence used for RT-PCR Analysis 

Transcript Forward primer Reverse primer Lengt

h 

Primer location 

GRCh38.p12 

STX1A 

(NC_000007.14) 

TTAAAGAGCATCGAGCAGTCC* CGACATGACCTCCACAAACTC 120bp 
(Chr7: 73705150-

73705156//73704410-

73704423) 

 (Chr7: 73704218-73704237) 

VAMP2 

(NC_000017.11) 

GTGGACATCATGAGGGTGAA GTATTTGCGCTTGAGCTTGG 138bp (Chr17: 8161626-

8161645),(Chr17: 8161763-

8161744) 

CAV1 

(NM_001753.4) 

 

GACGTGGTCAAGATTGACTTGA* 

 

GACGAAATACTGGTTTTACCG 

 

120bp (Chr7: 

116526678..116526689//11655

8946-116558956)  

(Chr7: 116559032-116559053) 

DNM2 

(NM_001005360

.2) 

 

GCATGGGCACGCCACATCTG 

 

GCTGCTGTCCCTGGAGAAGGAG 
119bp 

(Chr19: 10783083-10783102) 

(Chr19: 10786623-10786644) 

RT-PCR, Reverse Transcription PCR; (*) for intron spanning primers  

 

 

 

 

https://www.ncbi.nlm.nih.gov/nucleotide/NC_000017.11?report=genbank&log$=nucltop&blast_rank=3&RID=FU8XV74E014
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(ATCC
®
 CRL-1420

™
)), epithelial colon cancer cell lines (HCT-116 (ATCC

®
 CCL-

247
™

)), lung adenocarcinoma cell lines (HCC-827 (ATCC
®
 CRL-2868

™
)) and Hela cell 

lines. (HeLa(ATCC
® 

CCL-2™)) were maintained in their respective recommended 

media. HeLa cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, 10-

013-CV) containing 10% fetal bovine serum (35-010-CV) from Corning
TM

.  Bladder cell 

lines were grown and maintained in the ATCC recommended EMEM (Eagle's Minimum 

Essential Medium) (Cat, # 11095080; Gibco
TM

, ThermoFisher Scientific) supplemented 

with 10% fetal bovine serum (FBS) (Cat # SH30071; HyClone, Fisher Scientific) and 50 

U/ml penicillin and 50ug/ml streptomycin. Pancreatic cancer cell lines were cultured in 

DMEM (Dulbecco’s modified eagel’s medium) (Cat # 11965092, Gibco
TM

, 

ThermoFisher scientific) (10%FBS, 50U/ml penicillin, 50ug/ml streptomycin). Colon 

cancer cell lines were maintained in McCoy’s 5A media (Cat # 16600082; Gibco
TM

, 

ThermoFisher scientific) (10%FBS, 50U/ml penicillin, 50ug/ml streptomycin). Lung 

adenocarcinoma cells were cultured and maintained in RPMI media (Cat # 10-040-CVR, 

Corning
TM 

, Fisher Scientific) (10%FBS, 50U/ml penicillin, 50ug/ml streptomycin).  All 

cell lines were maintained in a 95% air, 5% CO2 humidified atmosphere at 37°C.  

2.4  Viral and Plasmid Vectors Constructs 

Mutant Cav-1 (c.479_480delTT (p. F160X)) was cloned into a lentiviral vector with 

LTR’ deleted. This novel Frameshift mutation in Cav-1 has produced a truncated protein 

at the c-terminal (Schrauwen et al., 2015). This de novo heterozygous mutation was 

revealed by whole-exome sequence analysis (Han et al., 2016). Mouse Cav-1 (456bp) 

sequence was cloned into an expression vector pEGFP-N1 (632469) from Clontech 

Laboratories with EGFP deleted. The original vector containing EGFP was used as a 

control. For the CSD only and scrambled constructs, human CSD was cloned into the 

pEGFP-N1 vector (scrambled sequence for control), and these vectors were used for 

transient transfections.  

2.5  Stable Cell Line Generation  

The selected cancer cell lines were subjected to transformation using the lentiviral vector 

and the plasmid vector for performing two independent experiments. 

https://www.atcc.org/Products/All/CRL-1420.aspx
https://www.atcc.org/Products/All/CCL-247.aspx
https://www.atcc.org/Products/All/CCL-247.aspx
https://www.atcc.org/Products/All/CRL-2868.aspx
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2.5.1 Transfection of Cell Lines with Lentiviral Vector 

The cell lines were stably transformed using the above mentioned viral vector with a 

mutant CAV-1 gene cloned into it. The final engineered vector was lanti-CAV-1 vector. 

GFP tagged virus was used as a control. The cells were prepared for the infection by 

synchronizing them in serum free media overnight. After 24 hours serum free media was 

replaced with the normal media and the cells were incubated for 2 to 3 hours. The media 

(DMEM, McCoy’s 5A, EMEM, and RPMI) used were respective of the cell lines (MIA 

PaCa-2, HCT-116, HT-1376, and HCC 827). Soon after 3 hours of incubation the 

infection by viral vector was done. The infection was aided with polybrene (1:2000/ul) 

and incubated the cells with infection media overnight. Stably transfected cancer cell 

lines were supplemented with 800μg/ml G418. Transformed cell lines were then 

stabilized and maintained in 95% air, 5% CO2 at 37°C.  Transfected cells were selected 

with G418 at 800 μg/ml for 4 weeks, and the expression of Cav-1 protein in selected cell 

clones was determined by Western blotting. 

2.5.2 Transfection of Cell Lines with Plasmid Vector  

For the generation of stable cells, HeLa cells were seeded (5 × 10
5
/well) in 24-well plates 

without antibiotics and incubated at 37°C overnight. After 24 hours of incubation 0.8 μg 

of pEGFP-N1, pEGFP-N1-Cav-1 (EGFP deleted) or pEGFP-N1-Cav-1ΔCSD (EGFP 

deleted) plasmid was transfected into HeLa cells using 2 μl of lipofectamine 2000 in 

Opti-MEM Reduced Serum Medium following the manufacturer's instructions. 

Transfected cells were selected with G418 at 800 μg/ml for 4 weeks, and the expression 

of Cav-1 protein in selected cell clones was determined by Western blotting. siRNA for 

STAT3 (sc-29493) and control (sc-44230) was purchased from Santa Cruz 

Biotechnology. 

2.6  Antibodies 

Polyclonal antibody to Cav-1 (sc-894), polyclonal antibody to ACTB (beta actin) (sc-

1616) and gp130 (sc-656) were purchased from Santa Cruz Biotechnology; additional 

antibodies were purchased from Cell Signaling Technology (GAPDH, 2118; pSTAT3, 

9131; STAT3, 9132; pJAK, 3331; JAK,3332; SOCS3,2923; pCdc2, 9111; Cdc2, 9116; 
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cyclinB1, 4138) or AbCam (GFP, ab290; ZO-1,ab96587; vimentin, ab45939). 

Lipofectamine 2000 (11668027), Opti-MEM Reduced Serum Medium (31985062), and 

1% penicillin/streptomycin (15240096) were from ThermoFisher Scientific. G-418 

solution was purchased from Roche Diagnosis (4727878001).  

2.7  Growth Curve Analysis 

Each cell line at passage 2 (P=2) was cultured in 12 well tissue culture-treated plates 

(Corning
®
 Costar

®
) according to the optimized densities (1x10

4 
/well in 12 well culture 

plates). 6x12 well plates were cultured for each cell line to analyze the growth till the 

sixth-day post-transformation. MIA PaCa-2, HCT-116, HT-1376, and HCC 827 cell 

lines, were infected with mutant Cav-1 and GFP tagged viral vector. All cell lines were 

grown in sets of four technical and three biological replicates for the sound statistical 

analysis. The transfected cells were kept growing till 72hrs. The cells were then washed 

with phosphate saline buffer and treated with 0.05% trypsin-EDTA, phenol red (GibcoTM
) 

for the detachment of the cells from the wells of culture plates. The cells were then 

counted for six days using TC20
™

 Automated Cell Counter according to the 

manufacturer’s protocol. Biological replicates and technical replicates were run for all 

experiments. 

2.7.1  Bromodeoxyuridine (BrDu) Proliferation Assay 

The cancer cell lines MIA-PaCa-2, HT-116, HCT-1376, and HCC-827 were plated 

2500cells/well into 96 well plates (BLACK TC treated, glass bottom, Corning
®
 Costar

®
) 

for BrDu (Catlog # K306, Biovision.) cell proliferation assay. Before infection cell lines 

were synchronized with respective serum free media, overnight. Serum free media was 

then replaced by normal media after 24 hours and then incubated for 3 hours before 

infection. After incubation, the cells were infected with the Cav-1 mutant lentiviral vector 

and the control GFP-tag. Plates were incubated for 72 hours and again synchronized 

before the BrDu analysis. On day 4 the assay was run (cells were kept incubated in BrDu 

for 3
1
/2 hours, optimized) in triplicate following the manufacturer’s protocol. BrDu, an 

analog of thymidine, is incorporated into newly synthesized DNA instead of thymidine. 

Newly synthesized DNA incorporates BrDu and gives the colorimetric analysis of the 

cell’s proliferation. The spectrophotometric analysis at 590nm for BrDu colorimetric 
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analysis, and then at 490nm with TMB (3,3',5,5'-tetramethylbenzidine) substrate added as 

a stop reagent was done. The analysis was done using TECAN spectrophotometer 

(TECAN Spark 10M). 

2.7.2  [
3
H]Thymidine Incorporation Assay for DNA Synthesis Test 

For Hela cells [3H]thymidine incorporation was used to assess DNA synthesis as a 

measure of proliferation. Cells (3 x 10
5

 per well) were seeded into a 6-well culture plate 

and serum-starved overnight. [3H]thymidine 1μCi (1 Ci=37 GBq)/ml was added with or 

without 10% FBS and the cells were incubated for 24 h at 37°C. The cells were washed 

with cold PBS and 7.5% TCA and then dissolved in 0.5 M NaOH before liquid 

scintillation counting. 

2.8  Cell Migration Assay 

Cell migration was analyzed using two different methods described below. In the first 

group of cell lines (MIA-PaCa-2, HT1376, HCT-116 and HCC-827) under experiment, 

the scratch test was performed to obtain collective cell migration with the ease of 

reproducibility of results. On the other hand, for the second group of cell lines (HeLa, 

HT-29 and HT116), migration chambers and QCM Chemotaxis assay was performed to 

analyses the migration and invasion of the ∆CSD cancer cells.  

2.8.1 MIA-PaCa-2, HCT-1376, HT-116 and HCC-827 Cell Migration Assay 

using Scratch Test 

The cell lines were infected with the lentiviral vector and kept growing for 72hrs. The 

infected cells were then transferred to six-well TC treated plates (Corning
®

 Costar
®
). The 

density seeded was according to the growth rate of the cell line. MIA PaCa-2 was seeded 

at the density of 1x10
3
 /well. HT-116 was plated at 1x10

2
, HCT-1376 and HCC-827 were 

plated at the density of 1x10
4
, optimized. The cells were synchronized overnight in serum 

free media.  Serum free media was then replaced after 24 hours with the normal growth 

media and incubated for 3 hours. After 3 hours of incubation, the scratch was 

incorporated using 200ul pipet tip and kept incubated overnight. The cell migration was 

analyzed using KEYENCE BZ-X710 fluorescent microscope (CFI Plan Apo; Nikon). 

The images were analyzed for cell migration using X10 magnification. The scratch area 
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measurement was calculated using ImageJ software developed the Laboratory for Optical 

and Computational Instrumentation (LOCI, University of Wisconsin) (National Institute 

of Health). 

2.8.2 Migration Assay for HeLa, HT116, and HT29 Cells 

The Hela and HT116 migration chambers were put in a 24-well cell culture dish. In the 

upper chamber, 300 μl DMEM including cells (1.0x10
5
/well) and 0.2% FBS was added. 

In the lower chamber, 750 μl DMEM with 10% FBS was added. Cells were then 

incubated at 37˚C for 24 hours. After 24 hours HeLa cells were fixed by 2.5% 

glutaraldehyde at RT for 15 min. The cells were permeabilized by 0.5% triton X-100 at 

RT for 20 min. For staining, hematoxylin was added at RT for 15 min. After staining, 

non-migrated cells were scraped off from the migrated cells with cotton swabs.  

For studies on HCT-116 and HT-29, cells were transduced with Lenti-Cav1 or lenti-

Cav1ΔCSD for 24 hr. The virus was then removed and cells were incubated in serum free 

McCoy’s 5A medium for 18 hours at 37°C in a CO2 incubator (5% CO2). To assess 

migration in HCT-116 and HT-29 cells, a QCM Chemotaxis Cell Migration Assay, 24-

well (8 μm), colorimetric (Millipore Sigma), was used. Plates and reagents were brought 

to room temperature (23-25°C) prior to initiating the assay. Cells were lifted with a 

0.02% EDTA solution prepared in DPBS (w/o calcium and magnesium). A cell 

suspension was then prepared containing 0.5 x 10
6

 cells/mL in McCoy’s 5A medium + 

0.2% FBS (chemoattractant-free media). 300 μl of the prepared cell suspension was then 

placed inside each insert. 500 μl McCoy’s 5A medium + 10% FBS was also placed into 

the lower chamber. The plate was then covered and incubated for 24 hours at 37°C in a 

CO2 incubator (5% CO2). The cells and media were then removed by pipetting out the 

remaining cell suspension and placing the migration insert into a clean well containing 

400 μl of room temperature Cell Stain for 20 minutes. The insert was then rinsed by 

dipping into a beaker of water several times and then non-migratory cells layer from the 

interior of the insert were gently removed using two cotton-tipped swabs per insert. Insert 

was then air-dried and transferred to a clean well containing 200 μl of Extraction Buffer 

for 15 minutes at room temperature, with gentle tilting of the insert back and forth. 100 μl 

of the dye mixture was then transferred to a 96-well microtiter and the optical density 
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was measured at 560 nm. The experiment was run in triplicates to analyze the data 

statistically and four biological replicates were performed for evaluating the experiment. 

2.9 Mitochondrial Respiration Analysis 

The transformed stable cell lines were subjected to Seahorse XF mito stress test for the 

mitochondrial respiration. Extracellular Flux Analyzer XF96 was used for the experiment 

(Seahorse XFe96 analyzer; Agilent Technologies). The Extracellular Acidification Rate 

(ECAR) and Oxygen Consumption Rate (OCAR) were assessed in cancer cell lines 

transiently infected with the Cav-1 mutant. For mitochondrial OXPHOS analysis, a mito 

stress kit was used. The cartridges were incubated in XF calibration solution overnight at 

room temperature. Prior to the assay, the growth medium (MIA-PaCa2, HCC-827 and 

HT-1376 = 10
6
 cells/well and HCT116 = 10

5 
cell/well) of the cancer cell lines was 

replaced with the serum free XF assay medium containing 1mmol/L sodium pyruvate and 

20mmol/L glucose, and incubated for 1 hour at 37°C without CO2. The pre-incubated 

plates were calibrated with the oxygen and pH-sensitive probes of cartridges. The mito 

stress components were then injected into the defined columns of the XF plate. (i) 

oligomycine up to 1 μmol/L; (ii) FCCP (Carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone) 0.75 μmol/L; (iii) antimycin A and rotenone 1.5 

μmol/L. The cells were seeded in variable amounts depending upon the proliferation rate 

of the respective cell line. The differences in the metabolic rates and cell density variation 

have been eliminated using cell-count based normalization. To overcome variations in 

OCR and ECAR of the four selected cell lines, Hoechst 33342 (Cat # 62249; 

ThermoFisher Scientific) was injected through the injection ports of XF analyzer 

microplate, followed by the serial injection of Oligomycine and FCCP.  After injecting 

the Hoechst 33342, data was normalized using report generator. 

2.10 Electron Micrographic Analysis 

The transformed cancer cell lines with their controls were scraped and fixed with 2.5% 

glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.2). The transformed cells of 

each cell line were then suspended in their respective media first and then spun at low-

speed centrifugation to get the cells pelleted. The pellets of each cell line after rinsing 

with cacodylate buffer were fixed in 1% osmium tetroxide. The samples were then rinsed 
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with distilled water. After rinsing the samples were subjected to serially graded methanol, 

resuspended, and then pelleted on low-speed centrifugation for each grade of methanol. 

Graded methanol dehydration was done to obtain gradual dehydration of the cells. For 

embedding, 75% propylene oxide-araldite mixture was used. The cells were embedded in 

the 75% propylene oxide-araldite mixture. The sections were made 50-70/nm of 

embedded samples and were stained with lead citrate and uranyl acetate. The sections 

were then examined under transmission electron microscope for detailed comparison 

based analysis of morphological aspects of transformed cells with their normal and or 

controls (Hitachi H7000, Tokyo, Japan) 

2.11 Immunoblot Analysis 

Immunoblotting was performed on transfected HeLa cell lysates following the protocol 

described (Head et al., 2005). Cell extracts were obtained by lysing cells in lysis buffer 

(50 mM Tris·HCl, 150 mM NaCl; pH 7.4) supplemented with protease and phosphatase 

inhibitor cocktail (5872, Cell Signaling). After 30 min incubation on ice, the cells were 

homogenized by a 23-gauge needle, and the lysates were cleared of debris and unbroken 

cells by centrifugation (800 g, 5 min at 4°C). Protein concentrations were determined by 

the Bio-Rad protein assay (5000001, Bio-Rad Laboratories). Equal amounts of cell 

lysates (20 ug) were loaded. The proteins were separated by 10% SDS-PAGE 

(NW00102BOX, ThermoFisher Scientific) and transferred to a polyvinylidene diflouride 

membrane by electro-elution. Membranes were blocked in tris-buffered saline and 1% 

Tween containing 3% bovine serum albumin solution and incubated with primary 

antibody (1:2000) overnight at 4°C. Bound primary antibodies were visualized using 

secondary antibodies (1:5000) conjugated with horseradish peroxidase (rabbit, sc-2030; 

mouse, sc-2031 from Santa Cruz Biotechnology) and ECL reagent (RPN2236, 

Amersham Biosciences, Sigma Aldrich, Germany). 

2.12 Immunochemistry and Microscopic Analysis 

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature (RT) and 

washed three times with PBS. Cells were permeabilized with 0.1% Triton X-100 for 10 

min at RT followed by washing three times with PBS. Cells were then blocked with 3% 

bovine serum albumin in PBS for 30 min at RT. The cells were incubated with respective 
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primary antibodies in 3% bovine serum albumin in PBS overnight at 4°C. The following 

day, cells were washed three times in PBS and incubated with respective secondary 

antibodies in 3% bovine serum albumin in PBS for 1 hour at RT. After incubation, cells 

were washed three times and mounted on slides using VECTASHIELD HardSet Antifade 

Mounting Medium (H-1200, Vector Laboratories). For detection, secondary antibodies 

Alexa Fluor 594 (R37119) or wheat germ agglutinin 488 conjugate (W11261) from 

ThermoFisher Scientific were used. Cells were imaged using the KEYENCE BZ-X710 

fluorescent microscope using 40x lens (CFI Plan Apo; Nikon KEYENCE 

CORPORATION OF AMERICA 500 Park Boulevard, Suite 200, Itasca, IL 60143, 

U.S.A). 

For HCT-116 and HT-29 studies, cells were grown on MatTek 35 mm dish with 14 mm 

glass bottom microwell coated with laminin at a concentration of 100 ug/mL. Cells were 

transduced with Lenti-Cav1 or Lenti-Cav1ΔCSD for 24 hr. The virus was then removed 

and cells were incubated in serum free McCoy’s 5A medium for 18 hours at 37°C in a 

CO2 incubator (5% CO2). Cell culture media was then removed and replaced with 1 mL 

of 5% (w/v) formaldehyde solution in PBS and incubated for 15 minutes at room 

temperature. Fixative was then removed and washed 3 times with PBS. Cells were then 

permeabilized with 1 mL of 0.5% TX-100 for 15 minutes at room temperature, followed 

by washing 3 times with PBS. Cells were then blocked with 2 mL of 3% BSA for 1 hour 

at room temperature and subsequently incubated in 1:500 antibodies (Cav1 - Cell 

Signaling – Catalog #3267S) in 1% BSA in PBS in a humidified chamber overnight at 

4°C. The solution was then decanted and the cells were washed 3 times in PBS, 10 min 

each wash. Cells were then incubated with the secondary antibody (Goat anti Rabbit - 

Alexa Fluor 488) 1:1500 in 1% BSA for 1 h at room temperature in the dark. The 

secondary antibody solution was then decanted and washed 3 times with PBS for 10 min 

each in the dark. Cells were then incubated with DAPI (1 ug/mL in PBS) for 5 minutes at 

room temperature in the dark and washed 3 times with PBS for 10 min in the dark. Cells 

were then imaged using a 100X lens with oil on a Keyence BZ-X700. 

2.13 DNA Content Analysis by Flow Cytometry 

Cells were grown in 6-well tissue culture plates. After 48 hours, cells were harvested by 
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trypsinization and washed twice with ice-cold PBS, and then fixed with ice-cold 70% 

ethanol in PBS (Dulbecco's phosphate-buffered saline) at 4°C. Cells were then 

centrifuged and washed with staining buffer. After washing, the pellets were treated with 

100 uL RNase A (1 mg/mL) for 30 min at 37°C. After incubation, 900 μL of staining 

buffer and 20 μL of propidium iodide (1 mg/mL) were added to each sample and 

incubated in the dark for 30 min. The samples were then analyzed with BD FACScan™ 

flow cytometry (BD Biosciences) using CellQuest Software (BD Biosciences, San Jose, 

CA, USA). 

2.14 Statistical Analysis 

Statistical analyses were performed with OriginPro 2017 (OriginLab, Northampton, MA) 

and GraphPad  Prism 7 (UCSD, CA). For expression data, Ct values of the target genes 

STX1A, VAMP2, CAV1, and DNM2 were normalized with the control gene (TUBB3) Ct. 

The Normality of the data was assessed by Shapiro-Wilk test.  The gene expression data 

were analyzed using Wilcoxon nonparametric test. The correlation among different 

factors was assessed by the Spearman Correlation Coefficient for ranked values and 

Pearson’s test for linear relationship between the continuous variables. Depending on the 

experiment, the statistical significance was determined using Wilcoxon, Mann-Whitney 

or Kruskal-Wallis ANOVA test and specific comparisons were made by Tukey’s honest 

significant difference (HSD) test. Bonferroni’s one way ANOVA test was applied using 

GraphPad Prism 7 Software (GraphPad Software, Inc.). Online Fisher’s exact two-tailed 

test was performed to calculate patient data contingency with P< .05 considered 

significant (http://www.socscistatistics.com/tests/fisher/Default2.aspx).  
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3.1 Histopathological Staging and Grading of Bladder Tumor Samples 

The histopathology reports of the patients were taken from the hospitals (Pakistan 

Institute of Medical Sciences and Shifa International Hospital, Islamabad Pakistan) and 

according to the histopathology examination, the tumors were categorized as high or low-

grade tumors (Miyamoto et al., 2010). Out of 111 bladder tumor samples under 

experiment, 52 were high grade and 59 were low grade according to the bladder tumor 

classification presented by 2004 WHO/ISUP classification system. The samples were 

confirmed as Transitional Cell Carcinomas, by the department of histopathology (PIMS). 

The staging of the tumor was based on the TNM staging system  

(www.cancer.org/cancer/bladder-cancer/detection-diagnosis-staging/staging).The revised 

guidelines by National Comprehensive Cancer Network (NCCN) Clinical Practice 

Guidelines in Oncology (NCCN Guidelines
®

) for Bladder Cancer and American Society 

of Clinical Oncology (ASCO 2015-2018) were followed during grading and staging of 

tumor samples. Distribution of tumor stage and grade among the gender and age intervals 

of the patients is given in table 3.1. Among the samples collected, it was statistically 

analyzed that the age factor plays an important role in disease progression. However, 

overall the samples show significant distribution of gender with age intervals in high 

grade versus low grade as well as in progressive stages of the bladder cancer. In the 

present study, a significant difference was identified in terms of the pathology, comparing 

between the genders with different age intervals of the patients (P=0.0024) (Table 3.1). 

Patients of both the age groups were documented for a number of diseases, but their 

association with bladder cancer was not statistically significant whereas the risk factor of 

active smoking (P=0.0135) and passive smoking (P=0.0316) were found significantly 

associated (Table 3.2). The data is showing the significant difference in the incidence of 

bladder cancer in male population in higher stages compared to females. The factor that might be 

responsible is smoking, as the data suggests. Males having bladder cancer with smoking habits 

were calculated 94% whereas, females in older ages were only 15% smokers out of the collected 

tumor samples from the patients. 

3.2   Relative Expression of the Target Genes in Bladder Tumors  

The relative fold change in the expression of 4 selected genes was analyzed using 2
-∆∆

CT 

method (Livak and Schmittgen 2001). Data were normalized with the internal control 

http://www.cancer.org/cancer/bladder-cancer/detection-diagnosis-staging/staging
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 Table 3.1: Distribution of tumor stage and grade among the gender and age intervals of 

the patients 

  P values with (*) are statistically significant 

 

 

 

 

 

 

 

Patient Data Age interval Fisher exact 

test of 

retrospective 

data, P-value 

  

≤45yrs >45yrs 

    

Gender 

Male 42 35 0.0225* 

Female 10 24 

Histology 

 

Tumor grade 

High Grade 33 (30%) 31(28%) 0.2455 

Low Grade 19(17%) 28(25%) 

    

Tumor stage 

Stage I 

Male 4(10%) 1(3%) 0.0152* 

Female --(0%) 6(25%) 

Stage II 

Male 27 (64.2%) 17(49%) 0.0046* 

Female 2(20%) 11(46%) 

Stage III 

Male 21(50%) 15(43%) 0.0489* 

Female 1(10%) 7(29%) 
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Table 3.2: History of disease association and smoking lifestyle with bladder cancer 

 

P values with (*) are statistically significant. (%)* is the percentage of patients in smoke-free environment 

out of non-smoking. 

 

 

 

 

Patient Data Age interval Fisher exact test 

of retrospective 

data, P value 

 

 30-45yrs >55yrs 

Previous Disease History 

Hypertension    

                   Male  28(66%) 33(94.2%) 0.0999 

               Female     7(70%) 20(83%) 

Diabetes mellitus  

                   Male  31(74%) 26(74.2%) 0.1487 

               Female     2(20%) 7(29.1%) 

Urinary tract infections 

                   Male  9(21.4%) 11(31.4%) 0.1818 

               Female     4(40%) 14(58.3%) 

Family BC History 

                   Male  8(19%) 9(25.7%) 0.4854 

               Female     -- (0%) 2(8.3%) 

Smoking 

                   Male  29(69%) 33(94.2%) 0.0268* 

               Female     3(30%) 15(63%) 

Actively smoking 32(40%) 48(60%) 0.0331* 

Non-Smoking 20(65%) 11(35.4%) 

Passive smoking 5(25%)* 8(73%)* 0.0209* 

Smoke free 

Environment 

15(75%)* 3(27.2%)* 



Results 
 

41 
 

tubulin (TUBB3) and average fold change was determined by calculating the relative 

expression of the genes in each tumor sample compared to the respective adjacent normal 

tissue taken as a control. This preliminary study is the extension of the work done in our 

lab and the data comprising 30 tumor samples analyzed for the expression analysis of 

STX1A and VAMP2 (Seher., 2015). In total, 111 parried samples were subjected to the 

expression analysis. The relative RNA level of STX1A showed a 5-fold increase in the 

tumor as compared to their controls (P=0.00379). Similarly, the expression of VAMP2 

was also found to be 2.9-fold higher in tumor samples compared to their controls 

(P=0.00002) (Fig 3.1). Both the partner genes of the SNARE complex have significant 

increase in expression in tumor samples. The relative expression of CAV1 and DNM2 was 

also found to be increased in tumor samples compared to their adjacent normal tissue. 

The expression of CAV1 in the tumor samples was 8.88-fold increase compared to the 

normal adjacent tissue (P<0.001). Similarly, the expression of DNM2 was also elevated 

approximately 8.6-fold compared to the normal adjacent or control tissue (P<0.001) 

(Figure 3.2). Similar to the SNARE partner proteins, Caveolar key components, CAV1 

and DNM2 have significantly increased expression in tumor samples compared to the 

adjacent control tissue. Previous studies have also shown higher expression of CAV1 and 

DNM2 in different cell lines including bladder cancer however, the SNARE proteins 

were not examined for their expression in bladder tumor samples so far. Both the gene 

sets have shown remarkably enhanced expression in bladder tumor samples with the 

progression of cancer.  

3.2.1 Expression of the Target Genes Relative to Tumor Grades 

The expression of some genes was positively correlated to the tumor grades as well. 

According to the pathological grading of bladder cancer, it was observed that the 

expression of selected genes is highly increased in the high-grade invasive tumors with 

distant metastasis. Therefore a significant difference of STX1A expression was also 

observed between the high grade and low-grade tumors (P=0.0001). The VAMP2 

expression was significantly increased in high-grade tumors compared to the low-grade 

tumors (P= 0.0009). Low-grade tumors have a lesser fold increase in expression of 

STX1A and VAMP2, whereas high-grade tumors were relatively higher fold increase in  
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Figure 3.1: VAMP2 and STX1A expression in tumor and adjacent normal bladder tissues. 

Bar graph of normalized (mean±SEM) gene expression of VAMP2 and STX1A showing a 

significant increase in tumor tissue as compared to adjacent normal tissue (*P<0.01). 

(Wilcoxon nonparametric test was done using Origin 9  software) 
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Figure 3.2: CAV1 and DNM2 expression in tumor and adjacent normal bladder tissues. 

Boxplots of normalized (mean±SEM) gene expression of CAV1 and DNM2 showing a 

significant increase in tumor tissue as compared to adjacent normal tissue (*P<0.01) 

CAV1, DNM2 (Wilcoxon nonparametric test was done GraphPad Prism 7 software)  
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the expression of both the genes (Fig 3.3). Similarly, CAV1 and DNM2 had enhanced 

expression in bladder tumor samples with the progression of cancer. Overall a significant 

difference in expression of CAV1 and DNM2 was found among low grade and high-grade 

tumors. High-grade tumors showed significantly higher expression of both the genes 

compared to their expression in low-grade tumors (P<0.0001) (Fig. 3.4). These results 

suggest that the genes show increased expression as the tumor progresses to high grades.  

3.2.2 Expression of the Target Genes Relative to Tumor Stages 

The increase of expression in both gene sets (STX1A, VAMP2) and (CAV1 and DNM2) 

was statistically found positively correlated and was also found correlated to the tumor 

stages. Our results showed that there was a significant increase in a progressive manner 

in the expression of STX1A and VAMP2 according to the stage of the tumor (Fig 3.5 A & 

B). There was found to be no change in expression levels of STX1A and VAMP2 between 

stage II and stage III (Fig 3.5 C & D). There is a significant difference in the expression 

level of both of the genes between stage I and stage III (P<0.01). The expression trends 

of CAV1 and DNM2 were found to be similar to STX1A and VAMP2 (Fig 3.6). The 

expression increased as the tumor stage advanced. The stage II tumor, pathologically are 

invasive tumors and they tend to invade the bladder muscles while stage III is highly 

invasive and metastatic hence, tends to spread into adjacent organs. This suggests that the 

expression of STX1A and VAMP2 increases in a tumor stage-dependent manner. CAV1 

and DNM2 expressions were also observed associated with the cancer stage shown in 

figure 3.6 A & B. The expression of both the genes is increased as the stage of cancer 

progresses. 

3.2.3 Expressional Correlation between STX1A and VAMP2 

Both the STX1A and VAMP2 are the crucial part of SNAREs as the fusion of the vesicle 

only takes place followed by their interaction forming a vesicle fusion complex. It was 

previously reported that cancer progression might have a role in the increased expression 

of both of the genes that mediate cell communication through vesicle fusion (Meng and 

Wang 2015). These results suggest that the enhanced expression of STX1A and VAMP2 

might have a role in triggering tumor progression in high-grade stage III tumors. In our 

findings the specific correlation analysis has shown that the increase in expression of  
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Figure 3.3: Expression of VAMP2 and STX1A in low and high-grade tumor tissues. 

Boxplots of normalized (relative) gene expression of VAMP2 and STX1A showing 

significantly higher expression in high-grade tumors compared to their fold change of 

expression in low-grade tumors (*P<0.05). Mann-Whitney test applied to calculate the 

significant difference. 
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Figure 3.4: Expression of CAV1 and DNM2 in low and high-grade tumor tissues. 

Boxplots of normalized (relative) gene expression of CAV1 and DNM2 showing 

significantly higher expression in high-grade tumors as compared to low-grade tumors 

(*P<0.05). Mann-Whitney test applied to calculate the significant difference. 
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Figure 3.5: Expression levels of the VAMP2 and STX1A increase in a stage-dependent manner in bladder cancer patients. Graphs (A 

& C) show the increase in expression of VAMP2 and STX1A in a tumor stage-dependent manner. Graph B shows that there is a 

significant difference in the expression of VAMP2 between stage I & II and stage I & III (P=0.01518 and P=0.00202 respectively). 

No difference is observed between stage II & III. Graph D shows that there is a significant difference in the expression of STX1A 

between stage I & II (P=0.00651) and stage I & III (P=0.00008) whereas no difference is observed between stage II & III. Tukey test 

for specific comparisons of VAMP2 and STX1A gene expression in different tumor stages. 
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Figure 3.6: Stage-wise comparison in the expression of (A) CAV1 and (B) DNM2 in tumor samples. Overall statistical significance 

was determined using one-way analysis of variance followed by Tukey's post-hoc test. *P<0.05. CAV1, caveolin-1; DNM2, dynamin-2 
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 both of the genes was linear. Both genes have shown increase in expression in similar 

manner according to tumor grades and stage which determines the strongly positive linear 

correlation among the two genes (P<0.004) (spearman’s r = 0.547) (Fig 3.7). 

3.2.4 Expressional Correlation between CAV1 and DNM2 

Both genes play an important role in the functionality of clathrin-independent 

endocytosis.  Previous studies have shown that Cav-1 directly interacts with the DNM2 

during the process of endocytosis (Yao et al., 2005). The endocytic process is capable of 

recycling receptor proteins as well as signaling molecules hence the regulation of the 

process is very critical for cancer development. Both the genes are key components of the 

endocytic process via caveolae (Mayor, Parton, & Donaldson, 2014). Altered expression 

of both the genes was found linked with the pathological outcomes.  The expression of 

CAV1 has a strong positive correlation with the DNM2 expression (P<0.0001) 

(spearman’s r = 0.8617) (Fig 3.8). However the cluster of low grade and high-grade 

tumors are shown distinctly in the graph (Figure 3.8) which shows the significant 

difference of expression in low grade tumors.  Two genes have shown positive linear 

regression. 

3.3 Functional Analysis of Mutant Cav-1 

This novel Frameshift mutation in Cav-1 has produced truncated protein at c-terminal 

(Schrauwen et al., 2015). Functional analysis of the Cav-1 was observed in the stably 

transformed cancer cell lines. The behavior of the transformed cancer cells during 

proliferation and growth with the mutant Cav-1 expression was investigated. Cancer cell 

mitochondrial respiration was also evaluated with representative visual analysis of 

cellular deformities that occurred with mutant Cav-1.  

3.3.1 Stable Expression of Mutant Cav-1 and GFP-tag in MIA-PaCa-2, HT-

116, HCT-1376, and HCC-827 cells 

The cancer cell lines were transformed genetically using lentiviral vectors that have been 

stably expressing mutant Cav-1 and GFP-tag.  The green fluorescent protein was used as 

a comparative control. The cells were examined for any deformities. The stably  
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Figure 3.7: Correlation analysis between expression levels of the VAMP2 and STX1A in 

tumor and adjacent normal bladder tissue was carried out using Spearman’s correlation 

test. The correlation graph shows that there is significant positive correlation between 

expression of VAMP2 and STX1A in both tumor (rs= 0.547; P=0.0046) and adjacent 

normal bladder tissues (rs=0.429; P=0.03226) 
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Figure 3.8: Correlation analysis between expression levels of the CAV1 and DNM2 in 

tumor and adjacent normal bladder tissue was carried out using Spearman’s correlation 

test. The correlation graph shows that there is a significant and strong positive correlation 

between expression of CAV1 and DNM2 in tumor (rs= 0.806; P<0.0001) and adjacent 

normal tissue (r=0.322; P=0.05)  
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expressing cells were subjected to the experimental analysis after 72hrs. Expression of 

Cav-1 was almost two-fold decreased then the mutant Cav-1 (lower band) whereas 

virtually equal to the native Cav-1 (native upper band) (Fig 3.9). However, no visual 

deformities were seen in the transformed cells. 

3.3.2 Mutant Cav-1 Transformed Cells have Decreased Growth and 

Proliferation 

Cancer cells usually have high growth rates and metabolic activities than normal cells. 

Increased expression of Cav-1 was found in many different cancer types thus somehow 

related to the growth of cancer cells. Our result showed that the mutant Cav-1 gene 

incorporation into the cancer cell lines arrested the growth at different levels according to 

the cell type. The growth pattern was observed for six days. Growth rates were calculated 

for each cell line using a basic calculation formula (initial cell count-final cell count/final 

cell count). The dead cells were excluded by washing culture wells gently with 5%PBS, 

however, most of the dead cells usually are aspirated along with the media during 

refreshing media every two days. The growth rates were calculated at day 6 and 

percentages of growth rate were obtained also which were 78%±2 for all four cell lines.  

Based on the final results of Dunnette’s multiple comparison tests, the growth curves for 

transformed cell line showed significant decrease in growth with mutant Cav-1 compared 

to their respective normal cancer cells. Growth curves were obtained using two way 

ANOVA. (Fig 3.10A-D). Cav-1 thus plays critical role in cancer progression. Based on 

the growth rates of cells with mutant Cav-1 transformation we tested the cells for their 

results obtained showed significant difference of proliferation rate in transformed cancer 

cell lines compared to their respective normal cells (Fig 3.11A-D). BrDu cell 

proliferation assay was done with all four cancer cell lines in order to see whether 

proliferation is affected as well. Our results showed that the cells with mutant Cav-1 were 

slower in proliferation compared to normal cancer cells.  

3.3.3 Mutant Cav-1 Transformed cells have Decreased Migration 

The effect of mutant Cav-1 on migration and metastasis in the cancer cell lines was 

observed through scratch test assay. The scratch test was performed with all four cell 
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Figure 3.9: Western blot detecting Control, GFP-tag and Cav-1-mut in MIA-PaCa-2, HCT-116, HT-1376, and HCC-827 cells. The 

Cav-1 antibody results in a native Cav-1 band (upper) and a Cav-1-mut band (lower) for cells expressing Cav-1-mut. in the lowest 

panel, GAPDH levels were compared in all four cell lines.              
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Figure 3.10 A & B: Growth curves of cell lines transformed with Cav-1-mut with their respective GFP controls were obtained using 

two way ANOVA test and Dunnett’s multiple comparison test was performed. (A) MIA-PaCa-2 transformed with mutant Cav-1, 

growth is significantly high (*P<0.01) compared to GFP-tagged cells and their control (B) HC-116 transformed with mutant Cav-1, 

growth is significantly higher (*P<0.01) compared to GFP-tagged transfection and its control  
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             C.                                                                                                            D. 

 

 

Figure 13.10 C & D: Growth curves of cell lines transformed with Cav-1-mut with their respective GFP controls, were obtained using 

two way ANOVA test and Dunnett’s multiple comparison test was performed. (C) HCT-1376 growth curve of mutant Cav-1 is 

significantly high (P<0.0001) compared to GFP-tagged and their control cells  (D) HCC-827 growth curve of mutant Cav-1 

transformed cells is significantly higher (P<0.0001) compared to GFP-tagged and their controls.  
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Figure 3.11A & B: Proliferation in Cav-1-mut transformed cells BrDu cell proliferation assay. Cells were synchronized before assay 

and kept for 3.5 hours in BrDu. Significant difference of proliferation in (A) Cav-1-mut MIA-PaCa-2 cells (*P<0.05) Proliferation 

rate of (B) Cav-1-mut HT-116 cells (*P<0.05)  
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Figure 3.11 C & D: Proliferation difference of Cav-1-mut HCT-1376 cell (*P<0.05) (C). The proliferation rate of Cav-1-mut HC-827 

cells (*P<0.05) (D). Statistical significance was assessed by using one way ANOVA and Tukey’s test for multiple comparisons. 
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lines. The cell migration was assessed for 48 hrs. Normally the cancer cells are highly 

proliferative and migratory as well, at the hour 48 the normal cells were found migrated 

into the scratched area. HCT-1376 and HCC-827 were having high migratory rate 

compared to MIA-PaCa-2 and HT-116 cells. Interestingly, the migration rate in the 

transformed HCT-1376 and HCC-827 was very low compared to the MIA-PaCa-2 and 

HT-116 cells (Fig 3.12A-D). Overall the transformed cells showed significantly 

decreased migration. Magnified optical observation via confocal microscopy has been 

done to see the formation and extensions in the invadopodium formation. The 

transformed cells were devoid of such growths and were static non-migratory in 

behavior. Conversely, the normal cancer cells or controls have shown excessive 

migration and invadopodia formation (Fig 3.13). 

3.3.4 Mutant Cav-1 Transformed Cells have Improved Mitochondrial 

Respiration and reduced Glycolysis 

Cancer cells have the ability to reprogram their metabolic activities and shift towards 

aerobic fermentation of glucose into lactate. This shift of metabolic behavior is seen in 

most of the cancers that behave as highly glycolytic. The rate of oxygen consumption 

(OCR) is hence decreased in cancer cells due to an increase in its capacity to be 

glycolytic (Epstein, Gatenby, & Brown, 2017). Cav-1 has been shown to affect the 

mitochondrial function in terms of reduced metabolic flexibility and OXPHOS. As a 

result, the cells secrete lactate formed through aerobic fermentation into the extracellular 

space hence increasing the extracellular acidification rate (ECAR). The mito-stress assay 

analysis of the cancer cell lines has shown the trend of normal OCR and ECAR in cells 

transformed with Cav-1-mut. Here the transformed cells were behaving near to normal 

with flexible metabolic activities. Control cancer cells showed reduced OCR and 

increased ECAR (Figure 3.14 A-D).  This shows that the Cav-1 plays important role in 

maintaining the equilibrium of metabolic shifts by affecting the mitochondrial function. 

Interestingly, cancer cells transformed with mutant Cav-1showed improved 

mitochondrial respiration (OCR) and reduced ECAR resulting in less glycolytic mode 

observed in Cav-1-mut-transformed cells (Figure 3.14 A-D).  
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Figure 3.12A: Cell migration assay showing the migration of transformed MIA-PaCa-2  cells starting from 0 hours up to 48 hours 

with overall significant difference calculated P< 0.01 by using one way ANOVA. 
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Figure 3.12 B: Cell migration assay representation showing the migration of transformed HT-116 cells starting from 0 hours up to 48 

hours with overall significant difference calculated P< 0.01 by using one way ANOVA.   
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Figure 3.12 C: Cell migration assay representation showing the migration of transformed HT-1376 cells starting from 0 hours up to 

48 hours with overall significant difference calculated P< 0.01 by using one way ANOVA.   
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Figure 3.12 D: Cell migration assay representation showing the migration of transformed HCC827  cells starting from 0 hours up to 

48 hours with overall significant difference calculated P< 0.01 by using one way ANOVA.   
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Figure 3.13: Cell migration of MIA-PaCa-2 at 48 hours. Reduced cell migration in Cav-

1-mut cells is shown. 

 

 

 



Results 
 

64 
 

A. 

 

 

 

  

 

 

 

 

 

 

Figure 3.14A: Mitochondrial respiration in terms of oxygen consumption and extracellular acidification rates (OCR & ECAR). The 

OCR and ECAR are measured via the mito-stress assay and a significant increase in the OCR and decrease in ECAR are shown in 

Cav-1-mut MIA-PaCa2 cell lines (Upper panels). Two way ANOVA test was used to determine the differences in OCR and ECAR 

parameters. (*P<0.01) (BR; basal respiration, MR; maximal respiration, ATP-P; ATP-production, BG; basal glycolysis, MGC; 

maximal glycolytic capacity, GR; glycolytic reserve) (Lower panels)  
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Figure 3.14 B: Mitochondrial respiration in terms of oxygen consumption and extracellular acidification rates OCR & ECAR The 

OCR and ECAR are measured via the mito-stress assay and significant increase in the OCR and decrease in ECAR is shown in Cav-1-

mut HCT-116 cell line (Upper panels). Two way ANOVA test was used to determine the differences in OCR and ECAR parameters. 

(*P<0.01) (BR; basal respiration, MR; maximal respiration, ATP-P; ATP-production, BG; basal glycolysis, MGC; maximal 

glycolytic capacity, GR; glycolytic reserve) (Lower panels)  
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Figure 3.14  C: Mitochondrial respiration in terms of oxygen consumption and extracellular acidification rates (OCR & ECAR). The 

OCR and ECAR are measured via the mito-stress assay and significant increase in the OCR and decrease in ECAR are shown in Cav-

1-mut HT-1376 cell line (Upper panels). Two way ANOVA test was used to determine the differences in OCR and ECAR parameters. 

(*P<0.001) (BR; basal respiration, MR; maximal respiration, ATP-P; ATP-production, BG; basal glycolysis, MGC; maximal 

glycolytic capacity, GR; glycolytic reserve) (Lower panels)  
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Figure 3.14 D: Mitochondrial respiration in terms of oxygen consumption and extracellular acidification rates (OCR & ECAR) 

(Upper panels). The OCR and ECAR are measured via the mito-stress assay and significant increase in the OCR and decrease in 

ECAR are shown in Cav-1-mut HCC-827 cell line. Two way ANOVA test was used to determine the differences in OCR and ECAR 

parameters. (*P<0.01, 
ns

P=0.2). (BR; basal respiration, MR; maximal respiration, ATP-P; ATP-production, BG; basal glycolysis, 

MGC; maximal glycolytic capacity, GR; glycolytic reserve) (Lower panels) 
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3.3.5 Mutant Cav-1 Transformed Cells Have Shown Morphologically 

Normal Mitochondria 

Mitochondrial respiration was further analyzed by the direct Electron Microscopic 

imaging of mitochondria as well as the membrane caveolae formation was also observed.  

The MIA-PaCa-2 and HT-116 cells have decreased number of mitochondria in normal or 

control cancer cells with obvious caveolar formation were seen while the Cav-1-mut 

transformed cells have shown reduced or no caveolae formation seen with normally 

dividing mitochondria. The number of mitochondria observed in Cav-1-mut MIA-PaCa-2 

and HT-116 cells was normal (Figure 3.15 A-B). Similarly the same trend of visual 

deformity was seen in control HCT-1376 cancer cell mitochondria and normal caveolae 

formation was also observed compared to Cav-1-mut cells (Figure 3.16C). The HCC-827 

cells have responded differently to some extent with the Cav-1-mut transformation. From 

Electron Microscopic images of the transformed and control cells, manual counting of 

mitochondria was done. There was a significant difference in number of the mitochondria 

in control and Cav-1-mut HCC-827 cells whereas, there was no obvious caveolae 

formation in the membrane was observed in the respective HCC-827 control as well as in 

transformed cells (Figure 3.15D).     

3.4 Functional Analysis of Cav-1 Scaffolding Domain  

Caveolin-1 Scaffolding domain is a key regulator of the function of Caveolin. CSD, 

despite its physical interaction with membrane it contributes to the attachment of the 

Cav-1 to the membrane thus plays an important role in Cav-1 normal functioning 

(Amnon Schlegel, Schwab, Scherer, & Lisanti, 1999). CSD functional role in cancer 

progression was interpreted on the basis of results gathered using HeLa and colorectal 

HT-29 cells.  

3.4.1 Stable Overexpression of Cav-1 and Cav-1 Lacking the Scaffolding 

Domain (Cav-1ΔCSD) in HeLa cells 

HeLa cells were genetically engineered to stably overexpress Cav-1 or Cav-1 with CSD 

deletion (Cav-1 OE, Cav-1ΔCSD, respectively). Stable expression of enhanced green 

fluorescent protein (EGFP) was used as a comparative control. Cav-1 protein expression 
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Figure 3.15 A: Electron imaging micrographic presentation of Cav-1-mut transformed 

MIA-PaCa2 cells with controls for comparison.  In Cav-1-mut transformed MIA-PaCa-2 

cells, the number of mitochondria (200nm) is normal and there was seen no caveolae 

formation in the membrane (1µm). The red arrow shows caveolae beneath the membrane 

of control cells. 
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Figure 3.15 B: Electron imaging micrographic presentation of Cav-1-mut transformed 

HCT-116 cells with controls for comparison.  In Cav-1-mut HCT_116 cells, the number 

of mitochondria (200nm) is normal and there was seen no caveolae formation in the 

membrane (1µm). The red arrow shows caveolae formation in the membrane of control 

cells. 
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Figure 3.15 C: Electron imaging micrographic presentation of Cav-1-mut transformed 

HT-1376 cells with controls for comparison.  In Cav-1-mut HT-1376 cells, noticeable 

mitochondrial deformity was seen in the normal or control EM image of HCT-1376 cells 

and normal number and appearance of mitochondria were observed in Cav-1-mut HCT-

1376 cells with no or reduced caveolae formation in the membrane. Red arrows are 

showing deformed/disrupted mitochondria and caveolae formation in the membrane of 

control cells.  
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Figure 3.15 D: Electron imaging micrographic presentation of HCC827 cells. In Cav-1-

mut transformed HCC827 cells, no perceptible changes were seen in comparison with the 

control cells. 
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increased two-fold in Cav-1OE and Cav-1ΔCSD (lower band detected by antibody and 

the upper band is native Cav-1) cells compared to the control cells (Figure 3.16 A-B). 

Cav-1 localization (Figure 3.20C, upper panels) (WGA, wheat germ agglutinin, Figure 

3.16 C, lower panels) were confirmed by immunohistochemistry and found not to be 

different between the various stable cell lines. 

3.4.2 The Scaffolding Domain of Cav-1 Plays a Critical Role in Reducing 

Cell Migration 

The migration assay revealed that overexpression of Cav-1 with an in intact CSD led to a 

suppression of cellular migration (Figure 3.17 A-B), whereas Cav-1ΔCSD significantly 

promoted cell migration compared to both Cav-1 OE and control cells (Figure 3.17 B). 

Thus, the CSD of caveolin may play a critical role in preventing cell migration. 

Epithelial-mesenchymal transition markers were further analyzed to determine if the CSD 

utilizes such transition as a key feature of developing a migratory phenotype. Zonula 

occludens (ZO-1) is a tight junction protein critical to cell-cell communication and 

adhesion, whereas, vimentin is an intermediate filament that serves as a marker of 

mesenchymal cells associated with a migratory phenotype (Satelli & Li, 2011). We 

observed a significant decrease in ZO-1 and a trend towards an increase in vimentin in 

Cav-1ΔCSD cells compared to control and Cav-1 OE cell (Figure 3.18 A-B). 

3.4.3 Cav-1 Regulates Molecular Signaling Linked to Migration via its 

Scaffolding Domain 

The hypermigratory phenotype of Cav-1ΔCSD was assessed next. It was observed that 

Phosphorylated STAT-3 was reduced in Cav-1 OE compared to the control and Cav-

1ΔCSD cells; however, activated JAK was higher in Cav-1 overexpressing cells (Figure 

3.19 A-B). These significant changes in Cav-1 OE cells were absent in Cav-1ΔCSD cells 

suggesting that an intact CSD is critical to expression or activation of specific molecular 

signaling partners. No significant changes were observed in gp130 or SOCS3 expression 

among the three cell types. To specifically probe the role of STAT3 in HeLa cell 

migration, we utilized STAT3 targeted siRNA in control cells. STAT3 specific siRNA 

treatment reduced the amount of activated (phospho) STAT3 compared to scrambled 

control (Figure 3.19 C). Migration assays showed that downregulation of pSTAT3 caused 
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Figure 3.16 A & B: Hela cells stably expressing variants of Cav-1. (A) Western blot detecting, Cav-1 OE and Cav-1ΔCSD indicate 

increased expression of Cav-1 and Cav-1ΔCSD. The Cav-1 antibody results in a native Cav-1 band (upper) and a Cav-1ΔCSD band 

(lower) for cell Control expressing Cav-1ΔCSD. Actin was used as a loading control. (B) Densitometric quantification of Cav-1 

expression in stable cell lines. Cav-1 expression increased 2-fold in Cav-1 OE or Cav-1ΔCSD expressing cells compared with control 

cells. *P<0.05 vs. Control cells by one-way ANOVA. 
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Figure 3.16 C:  Immunochemistry of expression of Cav-1 OE and Cav-1ΔCSD shows normal localization. Wheat germ agglutinin, a 

cell membrane stain, was used to confirm normal cell morphology. 
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Figure 3.17: Cav-1 overexpression decreased cell migration via CSD. (A) Representative images of hematoxylin stained migrated 

cells. The arrows show the number of cell clusters in all three groups. (B) Quantification of migrated cells in control, Cav-1 OE and 

Cav-1ΔCSD cells. The migration was increased in Cav-1ΔCSD cells while Cav-1 overexpression inhibited cell migration compared 

with control cells. *,+ P<0.05 vs. Control, Cav-1 OE cells respectively (one-way ANOVA). 
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Figure 3.18 A & B: Epithelial-mesenchymal transition markers were analyzed to determine if the CSD alters this transition to induce 

migratory phenotype. Zona occludens (ZO-1) and vimentin expression were assessed. Cav-1ΔCSD significantly decreased ZO-1 and 

showed a trend towards increase in vimentin expression in cells compared to control and Cav-1 OE. *, + P<0.05 vs Control (one-way 

ANOVA). 
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Figure 3.19 A & B: STAT3 phosphorylation was decreased in Cav-1 overexpression cells and overexpression of CSD alone 

decreases STAT3 phosphorylation and cell migration. (A) Representative western blot analyses of STAT-3, phospho-STAT3, gp130, 

JAK and phosphor-JAK, and SOCS3 in control, Cav-1 OE and Cav-1ΔCSD cells. Actin was used as a loading control. (B) 

Densitometric quantification of phosphor/total STAT-3 and JAK (other proteins were unchanged) in control, Cav-1 OE and Cav-1 

ΔCSD cells. Phospho-STAT3 was decreased whereas phosphor-JAK was increased in Cav-1 OE cells compared with control and 

Cav-1ΔCSD cells. *P<0.05 vs. LacZ. (one-way ANOVA) 
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Figure 3.19 C & D: Representative western blot analyses of phosphor/total STAT3 following STAT3 siRNA treatment (scrambled 

vector was used as control). (D) Representative images of hematoxylin stained migrated cells (top) and quantification of migrated 

cells (bottom) in scrambled control vs STAT3 siRNA treated cells. Loss of STAT3 decreased migration. *, + P<0.05 vs Scr (one-way 

ANOVA)
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a two-fold decrease in the migration of the HeLa cells (Figure 3.19 D), an effect similar 

to Cav-1 OE cells that show decreased migration and phospho STAT3 expression. To 

further confirm the role of the CSD in regulating cancer cell migration, we overexpressed 

only the CSD (scrambled as a control) with a GFP tag. Overexpression of CSD peptide 

alone dramatically suppressed of pSTAT3 expression in HeLa cells (Figure 3.20 A). 

Expression of CSD or scrambled peptide was confirmed in HeLa and HT-29 colon cancer 

cells (which normally do not express any caveolin) using GFP specific antibody (Figure 

3.20B). In both of these cells, overexpression of CSD alone resulted in significant 

suppression of cell migration (Figure 3.20 C-D). These data show the importance of CSD 

regulated STAT3 phosphorylation in the migration of multiple cancer cell types. 

3.4.4 Cav-1 Regulates Cell Proliferation and Cycle via the Scaffolding 

Domain 

To investigate if the change in migration patterns of the HeLa cells were not due to the 

effects of proliferation, we measured thymidine [3H] incorporation. Remarkably, we saw 

that there was no significant difference in the Cav-1 OE cells; however, serum-induced 

proliferation was blunted in Cav-1ΔCSD cells (Figure 3.21 A). Proliferation assessed by 

[3H]-thymidine incorporation, was reduced in Cav1ΔCSD cells compared with control 

and Cav-1 OE cells. *P< 0.05 vs. LacZ. (one-way ANOVA). Since Cav-1 can regulate 

the cell cycle through its scaffolding domain, we next investigated the phase of the cell 

cycle that is regulated by Cav-1. Cells were synchronized by serum starvation, treated 

with propidium iodide (PI), and subsequently sorted according to their DNA content. The 

DNA content of propidium iodide-stained nuclei was analyzed by FACSCalibur flow 

cytometry, as described in Materials and Methods. The percentage of cells in phase G1, 

S, and G2/M. *P< 0.05 vs. Control cells are shown in figure 3.21 C. Our results showed 

that Cav-1ΔCSD resulted in a higher number of cells in G2 phase compared to both 

control and Cav-1 OE cells (Figure 3.21B-C). To further understand the G2/M arrest, we 

also analyzed the active state of Cdc2, which is involved in the G2/M transition. Cdc2 is 

a universally conserved protein that mediates the transition from G2 to M phase. Cav-1 

ΔCSD cells had high Cdc2 inhibitory phosphorylation in cells compared to Cav-1 OE or 

control cells. Western blot analyses of Cdc2 and phospho-Cdc2 in Control, Cav-1 OE and 

Cav-1 ΔCSD cells is shown in Figure 3.21D). No significant changes were observed in 
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Figure 3.20A & B:   pEGFP tagged CSD or scrambled vector were transiently expressed in HeLa or HT-29 colorectal cancer cell line. 

GFP was observed in scrambled and CSD vector treated cells. (B) Representative western blot analyses of CSD and scrambled vector 

with EGFP in HeLa and HT29 cells for phospho/total STAT3. CSD treatment decreased pSTAT3. CSD expression led to decreased 

migration in HeLa (G) and HT29 (H) cells. 
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Figure 3.20 C & D: CSD treatment decreased pSTAT3. CSD expression led to decreased migration in HeLa (C) and HT29 (D) cells. 
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cyclin B1. These data implies the importance of CSD in regulating G2/M transition via 

inhibitory phosphorylation of Cdc2.  

3.4.5 Transient overexpression of Cav-1 and Cav-1ΔCSD in Multiple Cancer 

Cell Lines, Regulate Cell Migration 

To confirm the observed role of caveolin on cell migration, we created lentiviral vectors 

of the various constructs to study transient expression in multiple cancer cell lines that 

have a variable expression of Cav-1.  MDA-MB-231 breast adenocarcinoma cells, MIA-

PaCa2 pancreatic adenocarcinoma cells, HCT 116 colorectal carcinoma, and HT 29 

colorectal adenocarcinoma based colon cancer cell lines that have high (HCT116) and 

absent (HT29) expression of caveolin. Fluorescence microscopy revealed punctate 

expression of Cav-1 in MDA-MB-231 and HT29 cell types expressing the full-length 

form whereas the expression of Cav-1ΔCSD was more focal (Figure 3.22A & B). The 

migration assays revealed that overexpression of full-length Cav-1 suppressed cell 

migration in HCT116 cells significantly and showed a trend towards reduction in HT29 

cells (Figure 3.22A & B). Importantly and in line with the HeLa cell data, expression of 

Cav-1ΔCSD led to significant increase in cell migration in both cell types. When we 

correlated migration as a function of basal expression of Cav-1 in these various cells we 

observed a linear relationship of increased basal migration with increased endogenous Cav-1 

expression in the various cell types (Figure 3.22 C). However, when exogenous Cav-1 or 

Cav-1ΔCSD added the correlation to baseline Cav-1 proteins expression was no longer 

observed but rather dependent on the exogenous expression of caveolin where wild-type Cav-

1 (Figure 3.22 D) suppressed and Cav-1ΔCSD (Figure 3.22 E) increased migration when 

normalized to the baseline migration response in the respective cell line. Such data confirm 

the importance of the CSD in the migration phenotype across various cell types irrespective 

of endogenous Cav-1 expression. 
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Figure 3.21A: CSD contributes to cell proliferation and cell cycle arrest. (A) 

Proliferation assessed by [3H]-thymidine incorporation, was reduced in Cav1ΔCSD cells 

compared with control and Cav-1 OE cells. *P<0.05 vs. LacZ (one-way ANOVA) 
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Figure 3.21 B:  Representative image of FACS. The DNA content of propidium iodide-stained nuclei was analyzed by FACS Calibur 

flow cytometry, as described in Materials and Methods. 
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Figure 3.21 C & D: The percentage of cells in phase G1, S, and G2/M. *P<0.05 vs. Control cells. (one-way ANOVA). (D) 

Representative western blot analyses of Cdc2 and phospho-Cdc2 in Control, Cav-1 OE and Cav-1ΔCSD cells. 
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Figure 3.22A: Cav-1 overexpression decreases cell migration in both HCT-116 and HT-29 cells via the CSD. HCT-116 and HT-2 

cells were grown on laminin-coated 35 mm glass bottom dishes, transduced with either Cav1 or Cav1ΔCSD, and stained with both 

Cav1 (green) and DAPI (blue). Left panels at 2-D images whereas the right panels represent 3-D Z-stacked images of multiple 

sections. 



Results 
 

88 
 

B. 

 

 

 

 

 

 

 

 

 

 

   

Figure 3.22 B:  HCT-116 and HT-29 cells (~150,000/well, n = 5) were transduced with either Cav1 or Cav1ΔCSD and migration 

were assessed using an 8uM Boyden chamber insert, followed by cell staining and calorimetric quantification (OD 560 nm).
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Figure 3.22 C-E: Scatter plots of cell migration (y-axis) as a function of baseline caveolin-1 protein expression (x-axis) under 

baseline conditions (C) as well as baseline-normalized conditions following exogenous Cav-1 (D) and Cav-1ΔCSD (E) expression.



 

90 
 

 

 

 

 

 

 

 

 

 

 

 

    Chapter 4 

4 Discussion  
 

 

 

 

 

 

 

 

 

 

 

 

 



Discussion 

91 
 

Cancerous cell potentially and efficiently alters the extracellular matrix by producing 

sufficient amounts of growth promoting signals  that imparts changes in its 

surrounding extracellular matrix rendering the adjacent cells to behave accordingly 

(Martinez-Outschoorn et al., 2015). Membrane proteins and protein complexes play a 

key role in cell development through communication with the surrounding cells where 

vesicle trafficking is of critical importance. (He et al., 2015; Mandyam et al., 2017; 

Petrovet et al., 2017). Membrane functional domains comprising lipid rafts contain 

embedded protein complexes for example, caveolae and SNAREs, responsible for cell 

signaling through vesicle transport system (Milovanovic & Jahn, 2015; Wankel et al., 

2016). In our study, we have analyzed the gene expression of the key components of 

caveolar (CAV1 and DNM2) and SNARE (STX1A and VAMP2) complex in bladder 

cancer. Since no previous data was available regarding the expression analysis of 

STX1A, VAMP2, CAV1 and, DNM2, in bladder cancer, we have selected bladder 

cancer for the expression evaluation and analysis of the target genes. 

Altered expression of the SNARE proteins, STXs and VAMPs are reported to be 

linked with altered vesicle trafficking resulting in uneven secretion of signaling 

molecules and altered distribution of receptor proteins on the membrane (Born, 

Pahner, Ahnert-Hilger, & Jons, 2003). Association of VAMP2 with tumor 

development has been reported in breast and brain cancer (Hurst et al., 2015). 

Increased expression of STX1A in neuronal cells was reported to be responsible for 

formation of primary brain tumors (Ulloa et al., 2015). However, in some other 

cancers like breast cancer, STX1A has a variable expression (Fernández-Nogueira et 

al., 2016). STX1A has been reported as tumor enhancer in brain cancers and small cell 

lung cancers where its expression plays a role in tumor formation. Regarding bladder 

cancer SNARE complex has not been observed for its impact so far. The Cancer 

Genome Atlas (TCGA) dataset of 406 bladder tumor samples revealed the average 

Fragments per million (FPKM) values 3.3 for STX1A and 14.9 for VAMP2 expression 

(https://cancergenome.nih.gov). Human Protein Atlas (HPA) and Genotype-Tissue 

Expression Dataset (GTEx) also demonstrated a similar trend of expression for both 

the genes in bladder cancer. Based on these facts we can conclude a positive 

association of overexpression of key components of SNARE complex, STX1A and 

VAMP2 with the tumor progression in bladder cancer.  Not only the tumor stage but 

the tumor grade progression is also associated with the increase of the expression of 

https://cancergenome.nih.gov/
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both the genes. Our study has shown this altered expression of STX1A and VAMP2 

specifically in bladder cancer for the first time. In bladder cancer, we found the 

expression of STX1A is significantly elevated which is indicating the abnormal 

cellular function that might have caused cancer. Our data suggest that expression of 

STX1A and VAMP2 was higher in high grade tumors exhibiting the aggressive 

behavior. Few previous studies showed that the overexpression of SNARE proteins is 

responsible for the disease progression in different other cancers via  increased 

recycling of integrins and excretion of matrix metalloproteinases (MMPs), resulting  

in favorable tumor microenvironment for cancer cell development, and, their 

involvement in abnormal vesicular trafficking that might play a critical role in tumor 

formation and metastasis (Grabowski et al., 2002; Meng & Wang, 2015; Steffen et al., 

2008) There is a need for an extensive study on the functional analysis of the SNARE 

proteins and their specific role in developing tumors in general.  

Another important membrane complex is caveolae and Cav-1 is an important key 

component of this complex that is majorly involved in caveolae assembly, 

arrangement, and function where Cav-1 and DNM2 are mutually associated with the 

process of clathrin-independent endocytosis. Various cancers including breast, 

osteocarcinoma, and renal cancers have been reported associated with the down 

regulation of the Cav-1 whereas, it’s up regulation and overexpression is also shown 

associated with tumor progression in prostate, colon, and pancreatic cancers. Cav-1, 

being a crucial component of the caveolar complex, is a dual character protein. It is an 

oncogene as well as a tumor suppressor (Gupta, Toufaily, & Annabi, 2014). Whereas, 

DNM2 has been implicated as a therapeutic target for cervical cancer, suggests its 

critical role in cancer development (Chen et al., 2007). In some other studies on HeLa 

cells, DNM2 inhibitor cause decreased migration and invasion by reducing the 

expression of matrix metallopeptidase 9 (Lee et al., 2016). During vesicle transport, 

the Cav-1 has been shown interacting with the VAMP2 directly. There could be a 

possibility of other SNARE key components to be associated or interacting with the 

caveolar signaling proteins which could be tissue and or organ-specific. On the whole 

complexes, caveolar and SNARE interact through their key proteins during vesicle 

transport (Johanna M Magga et al., 2002; Nevins & Thurmond, 2006; Petrov et al., 

2017). The Human Cancer Genome datasets of 406 bladder cancer samples have 

demonstrated the average expression of Cav-1 in urothelial cancer cells was 43 FPKM 
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(Fragments Per Kilobase Million) and DNM2 was 18.9 FPKM 

(https://cancergenome.nih.gov). However, bladder cancer was yet not reported for the 

overexpression of CAV1 and DNM2. Based on the previous findings we have 

analyzed the expression of CAV1 and DNM2 in bladder cancer. Our study on the gene 

expression analysis has shown a similar trend of increase in expression of CAV1 and 

DNM2 to STX1A and VAMP2. The expression analysis was associated with the 

progression of the tumor stage and grade in a similar way as shown by STX1A and 

VAMP2. It could be genetic expression variation of these genes resulting into stage 

and grade progression. Increased expression of CAV1 and DNM2 in higher grades of 

bladder cancer might have increased the potential of cells to invade and proliferate. 

Enhanced expression of CAV1 and DNM2 in high grade tumor might be associated 

with the metastatic potential of cancer cells. Furthermore, there was a positive 

correlation between CAV1 and DNM2 in tumor tissue which indicates a functional 

cooperation of these two proteins. Overall the expressions of these target genes have 

shown an increase in bladder cancer, proposing an altered vesicle transport system 

associated with disease progression. To further investigate the role of vesicle transport 

in cancer progression, we extended our research to explore the functional analysis of 

Cav-1 protein. 

The functional analysis was divided into two sub-parts. In the first part, we explored 

the Cav-1-mutant (F160X) and its effect on the multiple cancer cell lines. This de 

nove heterozygous null mutation in Cav-1 (c.479_480delTT (p. F160X)) is associated 

with deformed mitochondria, lipodystrophy, and excessive production of reactive 

oxygen species (Schrauwen et al., 2015). In the second part, we explored the tumor 

suppressor function of Cav-1, by using Cav-1 with its deleted caveolin scaffolding 

domain. Cancer cells have the ability to modify the microenvironment of the tumor 

through the cell communication with the outer environment as well as the adjacent 

cancer cells. The modified microenvironment of the cancerous tissue enforces the 

adjacent normal cells to behave accordingly, thus supporting the proliferation through 

spreading cancerous signals (M. Wang et al., 2017). Cav-1 in this regard is implicated 

as an important protein that affects the cell growth via altering metabolic activities of 

the cells during cancer progression (Nwosu, Ebert, Dooley, & Meyer, 2016a). 

Caveolins are dynamic proteins in many cells critical for stress adaptation and cell 

survival (Schilling, Head, & Patel, 2018). Being a crucial part of membrane structure 

https://cancergenome.nih.gov/
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and function, caveolins are involved in various pathologies (Lamaze, Tardif, Dewulf, 

Vassilopoulos, & Blouin, 2017). Cav-1 has been extensively reported in breast cancer, 

lung, colorectal, cervical, pancreatic cancers, etc. (Duregon et al., 2017; Lin, DiVito, 

Merajver, Boyanapalli, & van Golen, 2005; Patlolla, Swamy, Raju, & Rao, 2004). 

Cav-1 mutations are critical in cancer development and progression and different 

mutations have a different outcome. Another mutation in Cav-1 is (P132L) which is 

responsible for suppressing tumor growth and inhibits metastasis in breast cancer.  

The above mentioned mutant Cav-1 (F160X) was explored for its association with 

altered metabolic shift and function of mitochondria in fibroblast cells (B. Razani et 

al., 2002; Siamwala et al., 2016). Based on these findings we designed our study 

using mutant Cav-1 (c.479_480delTT (p. F160X)). Transformation of MIA-PaCa-2, 

HCT-116, HT-1376 and, HCC-827 cancer cell lines with mutant Cav-1 showed 

decreased growth rate in selected cell lines. The difference in growth was observed on 

third day post-infection. On the other hand, enhanced expression of Cav-1 gives 

proliferative advantage to the control cancer cells. It suggests that CAV1 is associated 

with growth, proliferation, and migration during cancer progression. Cav-1 

overexpression has also been reported to associate with the primary adenocarcinoma 

(Duregon et al., 2017). Cell proliferation assay in our study with all four cancer cell 

lines (MIA-PaCa-2, HCT-116, HT-1376 and, HCC-827) showed significantly 

decreased proliferation rate in mutant Cav-1 transformed cells compared to the 

normal cancer cells (Fig. 3.12 & 3.13). The mutant Cav-1 transformation has inhibited 

migration also. The transformed cells were observed as static and non-migratory until 

48 hours of scratch incorporated. These results suggest the function of Cav-1 as a 

tumor enhancer. So far in cancer cells, increased expression of Cav-1 has been 

reported as a cause of potentially progressive tumors, disrupted mitochondrial 

function with increased aerobic glycolysis (S. Li, Jin, & Lu, 2017; Liu et al., 2016; Yi 

et al., 2014). Cav-1 plays a role as a scaffolding protein that interacts with various 

metabolic enzymes and provides a hub for the membrane-associated glycolysis 

(Cairns, Harris, & Mak, 2011; Nwosu et al., 2016a; Raikar, Vallejo, Lloyd, & Hardin, 

2006). It regulates cancer cell metabolism by interacting with the core metabolic 

pathways in the tumor microenvironment (Cairns et al., 2011; Hart, Ratti, Mao, 

Ansenberger-Fricano, Shajahan-Haq, & Tyner, 2016). Our findings on mitochondrial 

stress assays showed that Cav-1-mutant cells have improved mitochondrial 
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respiration. The Cav-1-mutant cells have shown increased oxygen consumption rates 

and decreased extracellular acidification suggesting their metabolic shift towards less 

glycolytic behavior which is normally high in cancer cells. Mutant Cav-1 was shown 

responsible for the metabolic shift in transformed cells. The Cav-1-mutant cells have 

shown increased ATP production and low glycolytic reserves. This implies that the 

Cav-1 is responsible for regulating the metabolic activity of the cell. Recent studies 

have shown that Cav-1 cooperatively and independently induced Warburg’s effect in 

cancer cells where it is overexpressing. Electron microscopic images showed 

apparently deformed mitochondria that suggest some functional aberration of 

mitochondria due to mutant Cav-1 transformation of the cancer cells. However, we 

are still investigating the interaction and link of Cav-1 with mitochondrial function.  

The deletion at position F160X caused truncated protein at C-terminal. The truncated 

C-terminal of Cav-1 was lacking an important phosphorylation site at S168E that is 

responsible for its translocation (Fig. 4.1) (A. Schlegel et al., 2001). In previous 

studies, it was investigated that the c-terminus of the Cav-1 has two important 

functions; membrane attachments and caveolar organization by the interaction of each 

caveolin protein to another within the caveolae (A. Schlegel & Lisanti, 2000). 

Cellular metabolic shift along with restricted growth and proliferation in mutant Cav-

1 transformed cells suggests that Cav-1 is playing a crucial role in cancer 

development. 

 In recent studies, Cav-1 has been indicated as a tumor enhancer as well as a tumor 

suppressor (Nwosu, Ebert, Dooley, & Meyer, 2016b). In breast and ovarian cancers, it 

has been reported to have an inhibitory role in tumor metastasis and invasion (F. Han 

& Zhu, 2010). The role of Cav-1 in cancer is multifaceted and likely has a contrasting 

functional relevance. Our results show the role of Cav-1 in cell migration and 

proliferation through the activation and expression of JAK/STAT proteins. The 

caveolin scaffolding domain regulates an array of signaling pathways by providing a 

platform for localizing various receptors and signaling mediators and effectors 

important to cell signaling. Our studies show that loss of Cav-1 ∆CSD enhances cell 

migration possibly through the regulation of STAT3. Recent studies have identified 

that Cav-1 regulates and promotes cell growth by affecting STAT3 expression 

indirectly, as STAT3 acts as a positive regulator of cell progression and survival. 

STAT3, a proto-oncogene, is activated by the JAK/STAT pathway and has been  
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Figure 4.1: C-terminal of Cav-1 showing important phosphorylation site at S168E 

from the truncated region.   
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shown constitutively activated in many cancer cell types including endometrial and 

cervical cancers (Chen et al., 2007). In in vitro studies, Cav-1 knockdown in MIA-

PaCa-2 cell lines inhibited tumor progression by negatively regulating the 

JAK/STAT3 pathway (Chatterjee et al., 2015). In breast cancers, Cav-1 

overexpression led to tumor invasion and metastasis by inhibiting STAT3 signaling 

(Chiu et al., 2011). 

However, STAT3 also has the potential to be a tumor suppressor (Zhang & Lai, 2014) 

suggesting that its interaction with signaling proteins may impact its overall function. 

Suppression of cytokine activity by inhibiting JAK/STAT signaling through CSD of 

CAV1 was also determined in previous studies (Jasmin, Mercier, Sotgia, & Lisanti, 

2006). It has been speculated that the CSD of Cav-1 can act as a pseudosubstrate for 

STAT3 and has the potential to negatively regulate the activation of STAT3 (Geletu 

et al., 2018). Up regulation of the CSD in cells led to decreased STAT3 

phosphorylation suggesting this direct regulation (Figure 3.22E). However, 

activated/upregulated STAT3 is of major concern as a heterogenic modulator of cell 

migration and invasion in various cancers. Activated Focal adhesion kinase (FAK) 

mediates anchorage-dependent growth and invasion in ovarian carcinoma cells (Xiao 

& DC, 2014). Previous experiments have shown that activated STAT3, bound directly 

to the Cav-1 promoter, can inhibit its transcription (Chiu et al., 2011).  Conversely, 

Cav-1 was seen to negatively regulate the activation of STAT3 and invasion of brain-

metastatic cancer cells (Parat & Riggins, 2012). Transient expression of Cav-1ΔCSD 

in HCT116 and HT29 cells led to focal localization of the modified Cav-1 possibly 

suggesting an association of this CSD loss with migratory phenotype. 

Cav-1 with is dual character towards cancer, it has a critical role in cell migration, 

metastasis, and invasion (Nunez-Wehinger et al., 2014). Cav-1 was previously 

reported to induce high motility rates in metastatic cells (Urra et al., 2012). On the 

other hand, Cav-1 gene disruption resulted in metastasis and invasiveness. Induction 

of CSD into highly metastatic mammary carcinoma cell lines inhibits invasion via 

reduced secretion of MMP-2 and MMP-9 (T. M. Williams & Lisanti, 2004). These 

studies suggest CSD being the major scaffold of Cav-1, for signaling protein 

interactions may be responsible for these cellular processes. In recent experiments, the 

introduction of Cav-1∆CSD in normal cells showed retarded Ca
+2 

signaling pathways 
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resulting in a number of pathogenicities (P. C. Sundivakkam et al., 2009). Deletion 

mutants and point mutations in CSD showed muscular dystrophies, tissue remodeling 

abnormalities, cancer progression including invasiveness and cancer cell migration 

whereas increased expression of full-length caveolin and expression of CSD in 

different cancer cell lines led to inhibition of cell migration (Hernandez-Deviez et al., 

2008; Shivshankar et al., 2014; Yang et al., 2018). Previous studies have reported that 

different reactive oxygen species, as positive tumor regulators, have a different effect 

on Cav-1 mediated cell migration and invasion describing its dual role in cancer 

progression as well as cancer suppression (Luanpitpong et al., 2010). In addition, 

FAK is also necessary for cell invasion and migration as it plays an important role in 

cell surface signaling interactions via multiple signaling pathways (Zhao & Guan, 

2011). FAK might be activated by cellular Src forming dual kinase complex. FAK/Src 

complex has been shown associated with tumorigenesis, epithelial to mesenchymal 

transition and to orchestrate anchorage-independent growth, cell migration, and 

invasion (Bolos, Gasent, Lopez-Tarruella, & Grande, 2010). However, we did not 

observe any significant changes in the activation of Src or FAK with the deletion of 

the CSD (data not shown).  

Along with cell migration, another unique characteristic of cancer cells is that they 

proliferate faster than regular healthy cells. Cav-1 has an important role in interacting 

with the cell cycle signaling pathways leading to mitotic cell division. Overexpression 

of Cav-1 has a negative regulatory effect on the cell cycle at G0/G1 phase (Fang et al., 

2007; Galbiati et al., 2001; Torres et al., 2006). We observed that HeLa cells 

expressing the CSD deletion had a larger number of cells in the G2/M phase 

compared to the WT and Cav-1 OE. We speculate that Cav-1 scaffolding domain may 

play a role in arresting the cells at the G2/M checkpoint and does not allow them to 

progress to mitosis. Nuclear translocation of Cav-1 during cell proliferation signals 

via VEGF suggests its role in the transcription of cell cycle genes (Y. Feng, Venema, 

Venema, Tsai, & Caldwell, 1999). Cav-1 was determined experimentally to be 

localized in the nucleus in ovarian carcinoma and was involved in the transcription 

regulation of Cyclin D1 by binding to its promoter site, hence effecting the cell 

proliferation (Sanna et al., 2007).  It is possible that the Cav-1 scaffolding domain 

might be involved in the activation/phosphorylation of JNK. Cav-1 is known to 

regulate JNK mediated apoptosis in lung adenocarcinoma (Joo et al., 2017), and 
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hence inhibit G2/M transition, induces apoptosis and autophagy (R. Wang et al., 

2016). G2/M transition is modulated by Cdc2 (Kang, Chen, Wong, & Fang, 2002; 

Smits & Medema, 2001) and CyclinB1 (Canela et al., 2003; Huang, Sramkoski, & 

Jacobberger, 2013; Kawamoto, Koizumi, & Uchikoshi, 1997). We found that the cells 

expressing Cav-1∆CSD had elevated phosphor-Cdc2, supporting a role for the Cav-1 

scaffolding domain regulating cell cycle kinetics through Cdc2.  

In conclusion, the membrane protein complexes play a critical role in cancer 

development and progression. It is well known that cellular communication is one of 

the major hallmark of tumorigenesis. Intake of signaling molecules has foremost 

concerns on the disrupted signaling.  Dysregulation of vesicular trafficking and 

intracellular signaling might have caused multiple malignancies, more importantly, 

altered cell adhesion migration and generation of extracellular matrix favorable for 

tumor growth. Overexpression of SNARE and caveolar proteins is responsible for the 

tumor stage and grade progression in bladder cancer together with the other 

interlinked signaling proteins and pathways through which they impart disruption in 

normal cell functions. Cav-1 as a dynamic signaling protein and a key component of 

caveolae has a dual role in cancer progression and suggests that its various domains 

may contribute many of these dynamic features involved in regulating cell physiology 

and morphology. Cav-1-mutant protein plays a critical role in cell growth, 

proliferation and mitochondrial respiration. Cav-1∆CSD functions as a tumor 

suppressor and is responsible for the cell proliferation via regulating cell cycle 

proteins. The Cav-1 scaffolding domain is responsible for the negative regulation of 

STAT3.  The Cav-1 scaffolding domain may be one such critical domain that plays a 

critical role in the cancer cell cycle, migration, and proliferation. Modulating the 

protein interaction with the Cav-1 scaffolding domain may offer new therapeutic 

approaches for fighting against different cancer phenotypes. 

Future Perspectives 

It is requisite to investigate the molecular components of the SNARE complex to 

better understand the functional impact of STX1A and VAMP2 in vesicle trafficking 

mediated altered distribution of growth promoting receptor proteins. Since no sound 

data is reported regarding SNARE and caveolar proteins, it is needed to explore the 

interaction patterns between caveolar and SNARE proteins. Further extension of this 
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research is linked with investigating the mitochondrial components interacting with 

the Cav-1 that have imparted reduction in oxidative phosphorylation and resulted in 

impaired mitochondrial function.  
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