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Abstract 
Cancer metastasis, a hallmark of the multifaceted disease is of extreme clinical relevance as it 

is responsible for death in 90% of individuals suffering from it.  Despite the advancement in 

understanding the metastatic processes, the molecular mechanism and critical regulators 

involved in this complex multi-stage process still remains elusive. MicroRNAs (miRNA), 

which are crucial regulators in a wide array of biological processes, are also implicated in 

cancer metastasis. In this study, we deciphered the miRNA mediated regulations of cancer 

metastasis in two different cancer types, soft tissue sarcoma (STS) and breast carcinoma. 

Metastasis in STS is poorly understood compared to cancers of epithelial tissue origin, 

carcinomas. We harnessed the potential of expression profiles of genes and miRNAs of 

different high-grade STS in identifying the crucial regulators of metastasis. We amalgamated 

gene and miRNA expression profiles with curated data on various regulatory interactions to 

predict transcription factor (TF)-miRNA-target gene regulatory networks and paths in STS 

metastasis. It unveiled some novel TFs, miRNAs, and their targets, which are conjectured to 

play a critical role in metastasis of STS. Our Notch signaling sub-network analysis uncovered 

miR-21 and miR-34a as novel regulators of Notch signaling in STS metastasis which also 

regulated other hub TFs in the networks. Further, acyclic path analysis from STS metastasis 

specific sub-network deploying the tool ‘RiNAcyc’ developed by us identified a 15 node 

active path. This potential path highlights the crucial role of MYC-mediated miRNA 

regulation which was further verified by co-expression analysis in sarcoma. The path also 

revealed the importance of miR-215 targeting TYMS, a potential chemotherapeutic target in 

different cancers, which is usually upregulated. The co-expression analysis corroborated with 

qRT-PCR expression analysis tempted us to conjecture that miR-215 and TYMS could be 

potential candidate for prognostic indicator of chemotherapeutic benefits in STS metastasis. 

We also identified anti-metastatic miR-429 targeting pro-metastatic KIAA01010 gene to play 

a role in STS metastasis. We observed miR-429 to inhibit proliferation, migration, and 

anchorage independent growth via targeting KIAA0101 in metastatic fibrosarcoma cell line. 

KIAA0101 overexpression was also seen to be associated with lower survival among sarcoma 

patients. Further, taking advantage of experimental models, we studied metastasis in 4T1 

mouse model of breast cancer metastasis and found miR-31 to have a pro-metastatic role in 



	 	 	 	 																																																																																						 

	
	

breast cancer. Additionally, we performed Ago2-IP for in-vitro target identification in parallel 

with polysome profiling to understand how miR-31 mediated its target gene regulation during 

breast cancer metastasis. We evaluated levels of mRNA and translation profiles of selected 

miR-31 targets that have a role in metastasis. We found Myh9 to be regulated both at 

transcriptional level and translational level, and Acsl4 only at translational level in metastasis 

of breast cancer. The present study catapulted the understanding of miRNA mediated target 

regulations in cancer metastasis in STS and breast cancer, which might aid in identifying 

potential miRNAs for targeted therapies in metastasis. 

Keywords: miRNA; metastasis; STS; breast cancer; gene expression; regulatory network; 
migration; invasion.  
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Introduction 

The complexity of multicellular organisms which comes naturally through evolution renders 

them vulnerable to the complex and multifaceted disease called cancer. Cancer, which is 

caused by an array of changes at both genetic and epigenetic levels, remains the principal 

reason of morbidity and mortality worldwide. About 14.1 million new cancer cases and 8.2 

million cancer deaths with 32.6 million people living with cancer was reported in a survey 

conducted by GLOBOCAN 2012, of which, 57% of the cases and 65% of the deaths occurred 

in the economically developing countries (Torre et al., 2015). As per the Indian Council of 

Medical Research (ICMR) malignancy statistics 2016, the situation in India is also equally 

scary. The total number of new cases is expected to reach 1.44 million, which is likely to 

reach 1.73 million by 2020. More than 0.73 million people are anticipated to succumb to 

cancer in 2016, and this might increase to 0.88 million by 2020. With the advent of novel 

technologies and methods, understanding of cancer biology has gained remarkable heights in 

recent years that have attempted to generate a precise picture of tumorigenesis. The current 

knowledgebase revealed tumorigenesis is a multistep process wherein the normal cells are 

transformed into malignant cells due to defects in the regulatory circuits that govern normal 

cell homeostasis and proliferation. Each step reflects numerous alterations occurring at the 

genetic and epigenetic level, which drives this transformation (Sadikovic et al., 2008).  

Hanahan and Weinberg described that cancers acquire specific biological capabilities 

during the multistep process of tumorigenesis which forms the hallmarks of cancer (Hanahan 

and Weinberg, 2000). Almost all mammalian cells have a similar molecular mechanism 

which regulates their proliferation, differentiation, and death and hence it is presumed that 

most of the human cancers share a small number of cellular, molecular and biochemical traits. 

This formed the basis of the hallmarks of cancer. Initially, six core hallmarks were proposed 

by Hanahan and Weinberg, but new concepts emerged in the last decade that led to the 

addition of two new hallmarks to the list (Hanahan and Weinberg, 2011). These eight 

hallmarks include sustained proliferative growth, gain of replicative immortality, evasion of 

growth suppressors, induction of angiogenesis, resistance to cell death, capacity to invade and 

metastasize, reprogramming of energy metabolism and immune destruction evasion (Fig 1.1). 

Other than these, genomic instability and tumor promoting inflammation are the two enabling 
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characteristics, which help in the acquisition of the eight hallmarks. These hallmarks created a 

unifying principle, which provides a reasonable framework for understanding the amazing 

diversity of cancers. Among the hallmarks, metastasis is one of the significant characteristics 

of cancer, which help the cancer cells to spread to distant locations and make them lethal.  

 

Figure 1.1. Hallmarks of cancer 

Cancer metastasis is clinically the most crucial step, which is responsible for deaths in 90% of 

individuals with cancer (Sleeman and Steeg, 2010). The metastatic spread is a complex multi-

step event which is mediated by different classes of genes (Nguyen et al., 2009). Identification 

of critical regulators associated with metastasis and its different stages are still a daunting task 

for cancers like soft tissue sarcomas (STS) unlike carcinomas as the underlying mechanism of 

the metastasis in sarcomas is largely unknown. Also, till date, very few studies have been 

published highlighting the metastatic regulators of STS. The regulators of metastasis can be 

protein molecules (enzyme, receptor, etc.) or non-coding RNAs (ncRNAs). Among these, 
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ncRNAs have emerged as powerful regulators of tumorigenesis in recent years. Surprisingly, 

the Encyclopedia of DNA elements consortium (ENCODE) transcriptome project showed that 

only 2% of the human genome codes for proteins although 90% of the genome in eukaryotes 

is transcribed, thus signifying a vast number of transcripts are non-protein coding, called 

ncRNAs (Wilhelm et al., 2008). The ncRNAs are extremely intriguing molecules that are 

known to regulate gene expression at various levels. The ncRNAs, such as microRNAs 

(miRNAs), piwi-interacting RNAs (piRNAs), long intergenic non-coding RNAs (lincRNAs), 

long non-coding RNAs (lncRNAs), transcription initiation RNAs (tiRNAs) and small 

interfering RNAs (siRNAs) have been reported in regulating cellular development, 

differentiation, and oncogenesis etc (Taft et al., 2010). Among these regulatory RNAs, 

miRNAs has been proven to be quite promising as evident from several new exciting 

developments in recent years.   

miRNAs are short, approximately 19 to 24 nucleotides (nts) long, single-stranded 

endogenous ncRNAs that post-transcriptionally modulate gene expression (Negrini and Calin, 

2008). They are involved in normal development of eukaryotic cells like development, 

apoptosis, maintenance of stem cells, cell differentiation and proliferation, hematopoietic 

differentiation, insulin secretion, fat metabolism, etc. (Wahid et al., 2010). Their extensive 

role in normal functioning of cells dictates their deregulations be involved in various disease 

conditions. These are known to be involved in various pathophysiological processes like 

cancer etiology, progression, and prognosis (Aigner, 2011; Lee and Dutta, 2009). The first 

miRNA gene, lin-4, was discovered in Caenorhabditis elegans in 1993 (Lee et al., 2003) 

while studying the genes involved in regulating the timing of larval development in the 

nematode. Lin-4 miRNA was found to negatively regulate translation of lin-14 mRNA by 

binding to 3/ untranslated region (3/UTR) of mRNA through incomplete base pairing during 

the first larval stage (L1) of the nematode (Jovanovic and Hengartner, 2006). Seven years 

after this discovery, another miRNA family member, let-7, was identified from the same 

species by Ruvkun and colleagues (Reinhart et al., 2000). Since then, there has been a surge 

in the number of miRNAs discovered every year. As of now, 28,645 miRNAs have been 

identified in various organisms, out of which 1,881 precursor miRNAs encoding 2,588 mature 

miRNAs are in humans [miRBase (http://www.mirbase.org/), Release 21, June 2014].  
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The mature miRNAs are generated from genes of miRNAs through a multi-step 

process (Fig 1.2). The miRNA genes are transcribed into 1-3 kb long fragment of primary 

transcripts (pri-miRNAs), usually by RNA polymerase II (Garzon et al., 2010), similar to 

protein-coding genes (PCGs) or by RNA pol III (Borchert et al., 2006). The pri-miRNA in the 

nucleus is then recognized and processed by a microprocessor complex formed by Drosha, an 

RNase III enzyme and DGCR8 (DiGeorge critical region 8) protein, which is also known as 

Pasha (Partner of Drosha) (Lee et al., 2003). The processing step results in a hairpin 

intermediate of about 60-100 nts known as pre-miRNA. The pre-miRNA formed is then 

transported from the nucleus to the cytoplasm via a nuclear export factor Exportin-5 in 

complex with RanGTP (Yi et al., 2003).  

Once the pre-miRNA is transported into the cytoplasm, further processing, and RISC 

(RNA-inducing silencing complex) assembly is carried out by RLC (RISC-Loading Complex) 

(MacRae et al., 2008). Dicer cleaves the pre-miRNA, mediated by TRBP (Tar RNA binding 

protein) of RLC and generate ~19-24 nts long miRNA duplex molecules (Doench et al., 

2003). Of the two strands of pre-miRNA, the functional guide strand gets incorporated into 

the RISC and guides to its targets, whereas the passenger strand is degraded. miRNA along 

with RISC effector Ago2 mediates mRNA degradation, destabilization or translational 

inhibition (Fabian and Sonenberg, 2012). Apart from this, it has also been seen that some 

miRNAs can increase the expression of a target mRNA in humans, termed as small activating 

RNAs (saRNAs) (Vasudevan et al., 2007). Moreover, there are also reports of non-canonical 

alternative pathways of miRNA biogenesis that do not involve Drosha (Berezikov et al., 2007; 

Okamura et al., 2007; Ruby et al., 2007). 

miRNAs modulate gene expression by either mRNA degradation, destabilization or 

translational inhibition. They generally bind to target mRNAs at 3/UTR through Watson and 

Crick complementary base pairing between 2 through 7/8 nts of miRNAs (the seed region) 

(Bartel, 2009). There are three major types of miRNA target sites- canonical, marginal and 

atypical sites. The canonical sites include 8mer, 7mer-m8 and 7mer-A1, while marginal sites 

include 6mer and offset 6mer sites (Fig 1.3). Sometimes, one or more mismatches in target 

sites are tolerated due to the presence of Watson-Crick base pairing at 13-16 nts of the 

miRNAs, termed as supplementary or compensatory sites (He and Hannon, 2004; Lim et al., 
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2005). Figure 1.3 gives an explanation about different types of target sites of miRNAs. 

Moreover, the binding regions are now no more limited to 3/UTR and have been extended to 

other regions of the target mRNAs like coding sequence (CDS) and 5/UTR (Bartel, 2009). 

 

Figure 1.2. Biogenesis of miRNA 

miRNAs have been shown to be associated with many of the classical hallmarks of cancer, 

like evading growth suppressors, sustained proliferative signaling, resisting apoptosis, 

activation of tissue invasion and metastasis, and angiogenesis induction (Dalmay and 

Edwards, 2006). With their widespread range of influence on biological pathways by acting as 

either oncogenic or tumor suppressor, dysregulation of miRNAs justifies their significant role 

in tumorigenesis leading to cancer. Their dysregulations have been established through 

comparative genomics studies of cancer and normal tissues by adopting various high-

throughput technologies, such as digital gene expression, next-generation sequencing, etc. 

Many seminal studies have unraveled the differences in expression of miRNAs in tumor and 

normal tissues and among tumor types (Blenkiron et al., 2007; van Schooneveld et al., 2012). 

Anomalous expressions of miRNAs in cancers lead to the altered expression of their targets, 

and this interplay determines the fate of cells. 
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Figure 1.3. Three major miRNA target sites and their subtypes 
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 The first report of involvement of miRNAs in human cancer was noted in 2002 by 

Calin GA and colleagues (Calin et al., 2002) who showed that miRNA-15a and miRNA-16-1 

genes were located in a region deleted in more than half (69%) of B-cell chronic lymphocytic 

leukemia (B-CLL) cases. The same group then mapped all known human miRNA genes and 

found that many of them are frequently located at fragile sites of the genome that are 

frequently either deleted or amplified in human cancers (Calin et al., 2004). miRNome studies 

(defined as the full spectrum of miRNAs for a specific genome) through genome-wide 

profiling allowed diverse types of cancer to be detected with higher accuracy (Volinia et al., 

2006). These profiling studies also help in identification of tissue of origin of poorly 

differentiated tumors.  

Several miRNAs have been associated with cancers due to genomic changes, 

indicating that miRNAs can act either as oncomiRs or oncosuppressor miRNAs. In some 

cancers, there is an amplification of chromosomal regions of miRNAs involved in 

downregulation of a transcript encoding a known tumor suppressor gene (TSG). These 

miRNAs are termed as oncomiRs that are usually upregulated in cancer. miR-17-92 cluster 

(also known as OncomiR-1) is the first miRNA discovered to act as OncomiR (Hammond, 

2006). This miRNA cluster is located on chromosome 13 and amplified in several cancers 

including human B-cell lymphomas (BCL), lungs carcinoma and breast carcinoma (Hayashita 

et al., 2005; Johnson et al., 2005; Tagawa and Seto, 2005; Volinia et al., 2006). On the 

contrary, oncosuppressor miRNA genes are frequently located in fragile loci where mutations, 

deletions, promoter methylation or any other abnormalities occur. This results in 

downregulation of miRNAs leading to overexpression of target oncogenes (OGs). The first 

evidence of miRNAs acting as tumor suppressors is the downregulation of miR-15a and miR-

16-1 cluster, which leads to B-CLL (Calin et al., 2002). Other than amplification and deletion 

of chromosomal regions, miRNA expression is also regulated by epigenetic mechanisms, 

aberrant expression of transcription factors or defects in biogenesis machinery (Peng and 

Croce, 2016). These alternations of miRNA lead to tumor formation and spread by inducing 

cell proliferation, loss of apoptosis, angiogenesis, invasion and metastasis (Negrini and Calin, 

2008). Hurst and colleagues coined the term “metastamiR” to refer to miRNAs regulating 

metastasis (Hurst et al., 2009b). MetastamiRs have been shown to regulate key steps in the 
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metastatic program having both pro- and anti-metastatic effects and regulate processes such as 

epithelial-mesenchymal transition (EMT), invasion, angiogenesis, and apoptosis.  

 Further, the 21st century has witnessed an upsurge in the use of different approaches 

and technologies to study the complexity and intricacies of living systems. The technologies 

encompass different high throughout methodologies that led to the “omics” revolution where 

information at the genomic, transcriptomic and proteomic level of living systems are 

uncovered. These developments have made possible to combine systems level and molecular 

biology-based approaches to address the missing link between them and aid in the 

identification of informative causal factors for diseases like cancer. Among the advanced 

high-throughput strategies, microarray technology is one of the most important technologies, 

which enable to measure the expression of hundreds of thousands of genes and ncRNAs 

simultaneously, from the complete genome in a single experiment. Thus, microarray 

technology has provided a massive source of data on gene and miRNA expression alterations 

in human cancers and is unquestionably the most powerful tool in unraveling mechanistic 

insights into tumor biology. Of the many disease patterns studied by microarray as evident 

from literature, there are only a few countable microarray studies on metastatic sarcoma 

samples. More studies on STS metastasis are required to identify new regulators and decipher 

the mechanisms of metastasis in this class of malignancy. Although the process of metastasis 

is comparatively well deciphered in carcinoma, there are still many facets remain to be 

unearthed.  

In this thesis, we studied potential metastamiRs and their targets associated with two 

classes of cancers- sarcomas and carcinomas by integrating microarray analysis, target 

prediction, and wet lab approaches. The metastasis of STS, a type of sarcoma being very 

poorly explored, we studied the critical miRNA-mediated regulatory interactions that might 

be functioning during STS metastasis and validated the role of a miRNA in metastasis of 

fibrosarcoma, a type of STS. Further, with the known complexity of the metastatic process, 

we studied miRNAs in a mouse model of metastatic breast cancer and established their pro-

metastatic role in the malignancy.  
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2.1 Metastasis  

Metastasis, one of the hallmarks of cancer is a complex multi-stage process of extreme 

clinical relevance which is responsible for death in 90% of individuals with cancer (Sleeman 

and Steeg, 2010). It is a process by which tumor cells form new growths at sites in the body 

different from the primary sites. These tumor cells can spread either to lymph node via 

lymphatic drainage of the primary sites or to distant organs via blood vasculatures. The 

metastatic process is primarily divided into a number of sequential interrelated steps: (i) 

dissemination of the tumor cells or escape of the tumor cells from the primary sites, (ii) 

intravasation, where cell adhere and migrate into the capillaries, (iii) survival in 

blood/lymphatic circulation, (iv) extravasation, where cells adhere to the capillaries at a new 

location, (v) migration from the capillary bed into the interstitial space and then finally (vi) 

colonization, where there is establishment of a new growth at the secondary site (Fig 2.1) 

(Sleeman et al., 2011). Nevertheless, these basic steps can occur in various organs and 

develop at different rates depending on the cancer types. As the cells have to pass through 

many steps, this process is extremely inefficient and only 0.01% or fewer cells of the ∼4 

million cells that enter the vascular compartment per gram of tumor per day develop 

macroscopic masses elsewhere (Eccles and Welch, 2007). The inefficiency of the cells might 

also be due to the rate limiting and selective nature of the metastatic cascade where failure to 

complete any step impedes subsequent steps. The sequence of events of this process is 

brought about by different classes of metastasis genes that aid in the initiation, progression 

and virulence functions of metastasis (Nguyen et al., 2009). Distinctive genetic and epigenetic 

alterations aid in acquiring these functions and cooperatively endow metastatic cancer cells 

with the ability to permeate capillaries, persist in circulation and colonize at distant organs.  

Although all cancers share the common principles of tumorigenesis, each class of 

tumors and each patient differ in their individual specificities of the multifaceted process of 

tumor growth and metastasis (Quesada and Amato, 2012). There are several classes of the 

tumors and are classified in many different ways. One school of classification is based on the 

histology of the tissue or type of tissue in which cancer originates. The international standard 

for classification and nomenclature of cancers is the International Classification of Diseases 

for Oncology, third edition (ICD-O-3). From the histology point of view, there are hundreds 
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of different cancers which broadly fall into five major categories- cancers of the epithelial 

tissues (carcinomas), cancers of the mesenchymal tissues (sarcomas), cancers of hematologic 

tissues like leukemia, cancers of immune system like lymphoma and myeloma and cancers of 

the nervous system like brain and spinal cord cancers. Among these, carcinomas and 

sarcomas are two major classes of cancers originating from the main tissue types in the body. 

Sarcomas comprise some of the most aggressive solid tumors. However, these are poorly 

studied compared to carcinomas and other malignancies because of their low frequency of 

occurrence (Riggi et al., 2007). 

 

Figure 2.1. Different stages of metastasis in cancers  

2.1.1 Metastasis in sarcomas and carcinomas 

The multistep metastatic process is well defined in carcinomas with numerous literature 

deciphering this process. Carcinomas are the tumors of epithelial cells and tissues. The 
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epithelial cells are present throughout the body and form a well-ordered thin sheet or layer 

that are anchored to basement membranes and each other by cell-to-cell junctions. The layer 

has an apical-basal polarized morphology which is reflected in all individual cells (Martin-

Belmonte and Perez-Moreno, 2012) and serves as a barricade between the interior of the body 

and outside world. These features are necessary for proper control of cellular proliferation, 

differentiation, secretion and survival (O'Brien et al., 2002), but are disrupted during epithelial 

tumors pathogenesis. Carcinomas are the source of ~90% of all cancers (McCaffrey and 

Macara, 2011). The top three cancers based on occurrence among men includes oral (12.6%), 

prostate (9.6%) and colorectal (7.5%), while the top three cancers in women are breast 

(35.3%), cervix (27.4%) and ovary (4.9%) (GLOBOCAN 2012, http://globocan.iarc.fr). 

The mechanism underlying the metastasis of sarcomas (cancers of the mesenchymal 

cells and tissues) is largely unknown, and it may differ significantly from that of carcinomas 

(Pennacchioli et al., 2012). Mesenchyme or the mesenchymal tissues form the supportive 

structure in which the functional cells of the tissue reside. They form a comparatively diffuse 

network of tissues with no thorough cellular layer. The features of mesenchymal cells include 

lack of polarization, spindle-shaped morphology where interaction with other cells is only 

through focal points, motile, invasive and heightened resistance to apoptosis (Polyak and 

Weinberg, 2009). Sarcomas are comparatively rare malignant tumors that comprise less than 

10% of all malignancies and about 15% of pediatric cancers. These cancers often display 

highly aggressive behavior with a tendency towards early hematogenous metastasis (Riggi et 

al., 2007). Sarcomas comprise a very heterogeneous group of tumors with varied pathological 

characteristics but clinically overlapping features that encompass some of the most aggressive 

solid tumors. There are nearly 50 histological subtypes of sarcomas and broadly classified 

into two types on the basis of the site of the tumors: soft tissue or bone (Lahat et al., 2008).  

The metastatic events in carcinomas and sarcomas are broadly the same but differ with 

regards to the processes and mechanisms by which these steps are executed. To metastasize, 

cancer cells from the primary tumor detach and invade the blood vessels or lymphatic vessels. 

This detachment can be either an active process where cells from the primary tumor actively 

crawl towards a vasculature or a passive process where the cells shed off the tumor (Condeelis 

and Segall, 2003; Wyckoff et al., 2004). It is believed that the metastatic proclivity is affected 
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by tumor’s cell of origin (Gupta et al., 2005). This is evident from the fact that sarcomas like 

fibrosarcoma are seen to migrate individually, whereas carcinomas migrate collectively 

(Friedl and Wolf, 2003). Carcinomas show the characteristics of epithelial to mesenchymal 

transition (EMT), where the accusation of EMT potential by the differentiated cells is a strong 

indicator of tumor dissemination and migratory ability. During EMT, there is upregulation of 

mesenchymal markers and downregulation of epithelial markers. The mesenchymal to 

epithelial transition (MET) is also known to occur at the site of metastasis that aids the cells to 

colonies at secondary sites. It is still not clear whether EMT-like processes occur in sarcoma, 

whereas MET has been reported to be an important biological process in this cancer type 

(Yang et al., 2014). Once cells are detached from the primary tumor, spread can occur either 

via the lymphatic system or blood vascular system. Sarcomas strongly favor hematogenous 

pathway as compared to lymphatic pathways of dissemination, the latter infrequently occur 

only in several soft tissue sarcoma (STS) histological types, with lungs representing the most 

frequent site of metastasis (Leong et al., 2006). Other possible routes of dissemination 

reported in sarcomas are the connective interspaces and the entrapment in cavities, such as 

peritoneum or pleural space (Pennacchioli et al., 2012). Thus, the clinical requirement to 

prevent or target metastasis is substantial, which calls for developing critical diagnostic and 

predictive biomarkers that are clinically relevant. Understanding the biology that underlies 

metastasis will aid significantly in developing novel therapeutic strategies. Table 2.1 gives an 

overview of the differences between carcinomas and sarcomas.  

Among carcinomas, breast carcinoma is the most prevalent among women of all 

nations worldwide. Even though there are a plethora of research dedicated to breast cancer 

and its metastasis, there is still no improvement in the number of metastasis related deaths, 

which necessitates the identification of potential factors and unveiling the mechanisms that 

may contribute towards the development of targeted therapies for breast cancer metastasis. On 

the contrary to the vast bulk of literature dedicated to solid epithelial tumors, sarcomas remain 

relatively under-studied. It is may be because of its rarity and a large number of diagnostic 

entities. Further, sarcomas comprise of STS, the most aggressive solid tumors with poor 

prognosis and high metastatic potential, which entails the need for identification of critical 

regulators of sarcoma metastasis. We focus on miRNAs, the critical post-transcriptional 

regulatory molecules as mediators of metastasis in STS and breast carcinomas. With the rising 
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incidences of cancer, there is always a requirement to uncover improved ways for detecting, 

averting, and treating cancer to improve the quality of life of patients and survivors. This 

encouraged us to look deeper into miRNAs in these two cancer types to unveil their potential 

as therapeutic targets. 

Table 2.1 Differences between carcinoma and sarcomas 

Points of Difference Carcinoma  Sarcoma 
Cell origin Epithelial  Mesenchymal 
Cellular arrangement Alveolar or glandular Singly 
Size  Smaller Larger 
Blood vessels Less More 
Haemorrhage Less More 

Age incidence Older-above 50 year (may 
also occur in younger) Younger (may also affect older) 

Growing pattern 

Grow in an infiltrative 
manner and spread through 
infiltration or invasion of 
adjacent structures 

Grow like "ball-like" masses and 
spread by satellite nodules 

Mode of metastasis  Preferentially via lymphatics 
pathway (also through blood) 

Preferentially via hematogenous 
pathway  (also through blood) 

Site of first metastasis Usually regional lymph 
nodes Usually lungs 

 

2.2 Soft tissue sarcomas 

Soft tissue sarcoma (STS) is collectively used for malignancies arising in muscles, fat vessels 
and fibrous tissues which account for ~1% of all malignancies. The subtypes that account for 
nearly 50% of STS include pleomorphic liposarcoma, myxofibrosarcoma (MFS), 
leiomyosarcomas (LMS) etc. The numerous diagnostic entities of STS and their rarity makes 
them a challenging area of investigation. Being one of the most aggressive phenotypes, STS 
are vulnerable to local recurrence and metastasis leading to death in 40% to 50% of cases 
(Weitz et al., 2003; Zagars et al., 2003). The majority of patients who develop unresectable 
metastatic STS are incurable. 

2.2.1 Expression analysis in soft tissue sarcoma 

Nielsen et al. in 2002 were the first to perform gene expression arrays in STS (Nielsen et al., 

2002). They analyzed a heterogeneous group of forty-one STS samples and performed 
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unsupervised clustering of 5,500 differentially expressed genes that revealed strikingly 

distinct gene-expression patterns for gastrointestinal stromal tumor (GIST), synovial sarcomas 

(SS), LMS and membrane peripheral nerve sheath tumor (MPNST). The other tumors that did 

not cluster properly had profiles, which were not predicted by histology and 

immunohistochemistry. This gene expression analysis suggested a new way of classification 

and characterization of STS subtypes. The global gene expression profiling also distinguished 

two most common uterine sarcomas, endometrial stromal sarcoma (ESS) and LMS (Davidson 

et al., 2013). As the pathogenesis of STS is poorly understood, gene expression analysis has 

been utilized in investigating and understanding their pathogenesis, and identification of 

diagnostic, predictive and prognostic markers (Beck et al., 2010). In LMS, a gene expression 

signature of 80 genes was identified which predicted its metastatic outcome at the time of 

presentation (Lee et al., 2004). Recently, gene expression in LMS also differentiated primary 

uterine LMSs from LMS metastases based on their unique molecular signatures (Davidson et 

al., 2014). Further, the diagnostic efficacy and relevance of expression data in selection of 

high-risk STS patients is demonstrated using the expression profiling of 177 STSs (Francis et 

al., 2007). Francis et al. linked signaling pathways from diagnostic gene expression profile to 

different subtypes of STS, and thus identified a hypoxia-induced metastatic profile for 

pleomorphic, high-grade STS. A set of 12 genes (ABCF1, ENDOD1, ZWINTAS, MCM2, 

SPTAN-1, MEGF9, SNRPD3, AFAP1L2, SERPIN5, TOP2A, UBE2C, and ARL6IP5) was 

identified from expression profiling of 102 STS tumor samples which demonstrated that 

expression of these genes were contradictory in locally aggressive and metastatic tumors 

(Cunha et al., 2010). These genes having a role in cell adhesion and proliferation might be 

useful in diagnosis and prognosis of STS. Gene expression profile also aided in identifying 

the heterogeneity of metastatic propensity in high-grade STS similar to carcinomas (Skubitz 

et al., 2012). Thus, molecular signatures obtained from microarray analysis aid in 

understanding tumor progression and the basis of prognostic studies for therapeutic target 

discovery.  

The expression analysis of miRNAs in various types of STS has also aided in 

distinguishing STS from normal tissues and their classification according to different 

subtypes. More than 40 miRNAs were reported to be deregulated in dedifferentiated 

liposarcoma (DDLS) as compared to normal adipose tissue by Urgas and group (Ugras et al., 
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2011). miRNA microarray in ten high-grade LMS and ten high-grade UPS samples by Guled 

et al. identified 38 miRNAs which classified UPS and 46 miRNAs which classified LMS 

samples, respectively (Guled et al., 2014). The first miRNA microarray profiling of SS was 

performed by Subramanian et al. in 2008 which revealed miR-143 to be downregulated 

relative to GIST and LMS, which was further confirmed by cloning, and northern blot 

analysis (Subramanian et al., 2008). Two separate studies on GIST, the most common tumor 

of mesenchymal origin reported significant downregulation of ~44 miRNAs in 12 GIST 

samples (Haller et al., 2010; Kelly et al., 2013), which showed an inverse correlation with 

disease progression. Further, a comprehensive analysis in 8 subtypes of sarcoma revealed 

novel set of miRNAs which discriminated different subtypes of liposarcoma which probably 

contribute to sarcomerogenesis (Renner et al., 2012).  

2.2.2 miRNAs in soft tissue sarcomas 

The plethora of miRNAs identified and validated in STS till now is only attributed to miRNA 

profiling. Among 40 miRNAs reported to be deregulated in DDLS as compared to normal 

adipose tissue by Ugras et al., miR-21 and miR-26 were upregulated, while miR-145 and 

miR-143 were downregulated (Ugras et al., 2011). They further showed that overexpression 

of miR-143 in DDLS cell line inhibited cell proliferation and induced apoptosis. Another 

miRNA identified in liposarcoma is miR-155 whose knockdown was seen to retard tumor cell 

growth, induced G(1)-S cell-cycle arrest, decreased colony formation, and blocked the growth 

of tumor in murine xenografts by targeting casein kinase-1α and enhancing β-catenin 

signaling (Zhang et al., 2012). In undifferentiated pleomorphic sarcoma, miR-199b-5p was 

found to be upregulated indicating its role in tumor progression (Guled et al., 2014). 

Danielson and group found the miR-17-92 cluster to be overexpressed in LMS as compared 

with myometrium (Danielson et al., 2010). Similarly, another miRNA, miR-320a was found 

to be upregulated in the highly aggressive LMS, which might be involved in tumor 

progression and development. There are certain miRNAs whose expression are unique to the 

STS histology and not found in any other sarcomas like osteosarcoma or Ewing sarcoma. It 

includes miR-26a in DDLS and miR-203 in rhabdomyosarcoma (RMS). miR-26a has been 

reported to be involved in adipocyte differentiation (Ortega et al., 2010) and miR-203 in 

inhibition of Notch signaling pathway regulators like p63 and LIFR (Diao et al., 2014). 
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Another miRNA like miR-210 is found to be associated with poor survival and age of onset of 

STS patients (Greither et al., 2012). Apart from miRNAs regulating target genes, these small 

RNAs themselves are regulated either epigenetically or transcriptionally in STS. For example, 

miR-34a and miR-34b/c are frequently inactivated by CpG methylation in STS (Vogt et al., 

2011). The TLS-CHOP chimeric oncoprotein was found to repress miR-486, which in turn 

upregulate metastasis regulator PAI-1 in MLS (Borjigin et al., 2012). PAI-1 is one of the key 

regulators of tumor invasion and metastasis. An excellent overview of miRNAs involved in 

all subtypes of STS has been recently discussed by Fujiwara et al. (Fujiwara et al., 2014). 

2.2.2.1 MetastamiRs in soft tissue sarcomas 

Very few studies have been published demonstrating the significance of miRNAs in 

establishing and maintaining the metastatic cascade in STS. In situ hybridization studies by 

Nuovo and group showed upregulation of miR-221 in uterine LMS as compared to benign 

metastasizing leiomyomas (Nuovo and Schmittgen, 2008). Another miRNA, miR-216 was 

found to be associated with metastasis and poor survival outcome in GIST (Choi et al., 2010). 

miR-9 is found to be overexpressed and associated with migration and invasion, whereas 

miR-200c is found to inhibit migration and downregulated in Alveolar RMS (ARMS) 

(Armeanu-Ebinger et al., 2012). In MPNST cell lines, downregulated miR-29c was predicted 

to target several genes responsible for invasion and metastasis like MMP-2 (Presneau et al., 

2013). miR-520c and miR-373, was reported to be a pro-metastasis miRNA in fibrosarcoma, 

which enhanced the expression of matrix metallo-proteinases (MMPs) by targeting mTOR 

and SIRT1 (Liu and Wilson, 2012). Another study on fibrosarcoma metastasis by Weng et al. 

demonstrated through both in vivo and in vitro studies that miR-409-3p silenced angiogenin 

(ANG) expression and inhibited tumor growth, vascularization, and metastasis (Weng et al., 

2012). Recently, miR-182 was found to be markedly upregulated in metastatic primary mouse 

sarcoma model which metastasized to lungs as compared to non-metastatic sarcoma 

(Sachdeva et al., 2014). The group further showed this single miRNA could regulate 

metastasis of primary tumors in vivo by coordinated regulation of four target genes, which 

inhibited either the migration of tumor cells or the degradation of extracellular matrix. The 

same group also showed in another study, the role of miR-16 suppressing both migration and 

invasion in vitro and significantly decreasing lung metastasis in vivo (Sachdeva et al., 2015). 
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But, its loss in primary tumor was not sufficient to promote metastasis in vivo. Our group 

recently identified some novel miRNAs which might be playing some crucial roles in STS 

metastasis using transcription factor (TF) - miRNA network analysis combined with gene 

expression analysis (Samantarrai et al., 2015). miRNAs identified includes miR-34a and miR-

21 as novel regulators of STS metastasis-specific Notch signaling network and miR-302c, 

miR-24, miR-19a, miR-22 and miR-215 as novel miRNAs in TF-miRNA regulatory path in 

STS metastasis. Table 2.2 and Fig 2.2 give an overview of various miRNAs reported to be 

involved in different stages of metastasis of STS.  

Table 2.2 miRNAs in metastasis of soft tissue sarcoma 

miRNAs STS subtype Processes Target gene Reference 
miR-520c 
and miR-
373 

Fibrosarcoma 
Pro-metastasis miRNA that 
enhance cell migration and cell 
growth 

mTOR , 
SIRT1 

(Liu and 
Wilson, 2012) 

miR-409-
3p Fibrosarcoma Inhibited tumor growth, 

vascularization, and metastasis ANG (Weng et al., 
2012) 

miR-182 Mouse STS 

Enhances migration and 
invasion in vitro, intravasation 
and rate of lungs metastasis in 
vivo 

Mtss1,  Rsu1 (Sachdeva et 
al., 2014) 

miR-16 Mouse STS 

Suppress migration and 
invasion in vitro and 
significantly decrease lung 
metastasis in vivo 

Probable 
targets- 
Carm1, 
Rac2, FraI, 
Eno1, Mylk 

(Sachdeva et 
al., 2015) 

miR-9 ARMS Enhances migration and 
invasion - 

(Armeanu-
Ebinger et al., 
2012) 

miR-200c ARMS Inhibited migration - 
(Armeanu-
Ebinger et al., 
2012) 

miR-29c MPNST Invasion and metastasis MMP2 (Presneau et 
al., 2013) 

miR-486 MLS Inhibits tumor invasion and 
metastasis PAI-1 (Borjigin et 

al., 2012) 
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Figure 2.2. miRNAs involved in different steps of metastasis in soft tissue sarcoma 

2.3 Breast carcinoma 

Breast cancer is considered as one of top five most prevailing cancers in the world with the 

highest incidence among women (http://www.who.int/cancer/detection/breastcancer/en/). It is 

classified in many different ways including grade, stage, histopathological types, receptor 

status, etc. Depending on the size and characteristics of the tumor, various classical therapies 

have been developed for its treatment. Some of the commonly available therapies for treating 

breast cancer are mastectomy, breast conserving surgery/partial mastectomy, hormone 

therapy, chemotherapy, and radiotherapy. With the many side effects of these classical 

treatment procedures (Dobos et al., 2012), the development of targeted therapies for breast 

cancer is need of the hour. The discovery of miRNA as a specific regulator of gene expression 

is the most important discoveries of last decade that have shown potential for targeted 

therapies (Broderick and Zamore, 2011).  
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2.3.1 Expression analysis in Breast carcinoma 

In 2000, Perou and group were the first to show classification of breast tumors into subtypes 

based on differences in their gene expression profiles (Perou et al., 2000). They used 65 

human breast tumors surgical specimens and 22 matched pair of samples and generated 

“intrinsic gene set” of 496 genes, which were differentially expressed between the tumor and 

normal paired samples. Clustering and segregation of these tumors were possible through this 

intrinsic gene set which clustered the tumors into four sub-groups- estrogen receptor (ER) 

expressing group; group expressing keratin and integrin, but lacking ER expression; HER2-

positive group and a normal epithelial group. In another study by the same group on 38 

additional cancer samples, they found the same sub-grouping, except for luminal, ER-positive 

group, which was further sub-divided (Sorlie et al., 2001).  

Gene expression analysis has been used to detect prognostic implications by predicting 

the status of lymph node and relapse-free survival in two groups of patients (Huang et al., 

2003). RNA expression microarray analysis was used by van 't Veer and colleagues in a 

clinically more relevant study to identify a classifier of 70 genes prognostic signature in 

young, untreated, axillary lymph node-negative patients (van 't Veer et al., 2002). A 37 gene 

blood-based gene expression signature was developed by Sharma et al. to detect breast cancer 

early in asymptomatic patients using peripheral blood cells (Sharma et al., 2005). Distinct 

gene expression alterations associated with different grades of tumor in breast cancer, which 

represent phenotypically distinct stages of breast cancer progression, have also been 

established using microarray technology (Ma et al., 2003). The expression profiling of rare 

circulating tumor cells (CTCs) isolated from peripheral blood of metastatic breast cancer has 

been suggested to shed light on tumor progression and evolution and metastatic resistance 

(Lang et al., 2015). The gene expression profiling identified SOX2 and OLIG2 genes to be 

upregulated in breast cancer brain metastasis (BCBM) which might be mediating brain 

metastasis (Lee et al., 2016).  

Similar to gene expression profile, miRNA expression profiling of human breast 

cancer has been used to identify new biomarkers of tumor subtypes. Blenkiron et al. 

performed miRNA expression analysis in 93 primary human breast tumors and found 133 

miRNAs differentially expressed in human breast tumor as compared to normal breast. They 



                                                                                                            Chapter 2: Review of literature                                                                                                                                                                                                      

22	
	

suggested miRNA expression profiling by bead-based flow cytometric to be an appropriate 

platform to categorize breast cancer into different prognostic molecular subtypes (Blenkiron 

et al., 2007). Similar to blood-based gene expression markers in breast cancer, circulating 

miRNAs in the plasma of breast cancer patients has been proposed recently for early detection 

(Matamala et al., 2015). Moreover, it is revealed from microarray studies that expression 

signature of the primary epithelial tumors can determine their propensity to metastasize. It 

was initially shown by both van’t Veer et al. (van 't Veer et al., 2002) and Ramaswamy et al. 

(Ramaswamy et al., 2003). This aspect opens up avenues to explore the primary high-grade 

tumors for their hidden potential to metastasize. This has been explored by us in this thesis to 

study probable metastatic genes of high-grade sarcomas.  

2.3.2 miRNAs in Breast carcinoma 

The evidence of the involvement of miRNAs in the pathogenesis of human breast cancer 

paved new ways to treat and detect cancer in a better and safer way. The miRNAs are 

emerging as the new class of targeted anti-cancer therapeutics either alone or in amalgamation 

with current targeted therapies, with an aim to increase disease response and improve the rate 

of cure (Garzon et al., 2010). miRNA-based therapies are more advantageous and highly 

effective because they function by subtle repression of gene expression on a large number of 

oncogenic factors (Bader et al., 2011).  

Several microarray and functional studies have identified specific miRNAs that are 

repressed or activated in human breast cancer as compared to normal breast tissues. A study 

in MCF-7 and T47-D breast cancer cell lines on miRNA expression reported miR-145, miR-

143, miR-16, and let-7a-1 to be downregulated (Michael et al., 2003), which indicated that 

specific miRNA expression change is associated with malignant transformation. Tumor-

specific miRNA expression differences are useful as both prognostic and predictive factors. 

One of the most important prognostic markers in breast cancer is ErB2/ER status. ER positive 

(ER+) and ER-negative (ER-) breast cancer are shown to have different mRNAs (Sorlie et al., 

2001) and miRNA expression profiles. Iorio et al. in 2005 for the first time revealed that 

specific biopathologic features of breast cancer such as ER and PR (Progesterone receptor), 

stage of tumor, invasion of vasculature and proliferation index are correlated with the 

expression of a set of miRNAs (Iorio et al., 2005). They found miR-206 was highly expressed 



                                                                                                            Chapter 2: Review of literature                                                                                                                                                                                                      

23	
	

in ER-, but not in ER+ breast cancers. In addition to miR-206, miR-221 and miR-222 

negatively regulate ERα receptor (Zhao et al., 2008). Higher expression of miR-9 has been 

significantly associated with breast cancer local recurrence in ER+ cases (Zhou et al., 2012). 

Expression of miR-210 was also identified to be associated with tumor proliferation and 

differentiation of breast cancer (Rothe et al., 2011). It was revealed as a strong potential 

biomarker of clinical outcome in both ER+ and ER- patients, which was found to be involved 

in cell proliferation, migration, and invasion. The biological significance of aberrant 

expression of miRNAs and their effect on their cognate PCG targets in breast cancer have 

been performed extensively by different groups working in this field.  

2.3.2.1 MetastamiRs in breast carcinoma 

Many miRNAs have been associated with an invasive and metastatic phenotype (termed as 

metastamiR) of breast cancer. These miRNAs target important genes involved in signaling 

pathways of metastasis. The association of miRNAs in metastasis development was first 

discovered by Weinberg and group in 2007, where they reported that miR-10b initiates breast 

cancer invasion and metastasis (Reinhart et al., 2000). Thereafter, the involvement of many 

different miRNAs such as miR-335, miR-520c, miR-373 and miR-136 in migration and 

invasion of breast cancer cells has been established (Aigner, 2011; Blenkiron et al., 2007; Lee 

and Dutta, 2009). Certain miRNAs also target DICER for controlling metastasis (Martello et 

al., 2010). In breast cancer patients with increased risk of developing metastasis, it was found 

that miR-103/107 family targets 3/UTR of DICER1 mRNA, which reduced DICER 

expression leading to downregulation of mature miRNAs. Recently, miRNA expression 

profiling in breast cancer metastasis identified a set of miRNAs as new risk biomarkers 

(Marino et al., 2014). Women with clinical stage II breast cancer and poor prognosis showed 

upregulation of miR-183, miR-494 and miR-21 (Marino et al., 2014). These set of miRNAs 

were identified as a risk marker for breast cancer metastasis, which may further be used in 

targeted therapies.  

The metastamiRs, which promote metastasis in breast cancer, includes the well-

characterized oncomiR, miR-21 which has a critical role in cell transformation and 

tumorigenesis. It actively affects tumor invasion and metastasis by targeting TSGs such as 

PDCD4, TPM1, and maspin (Zhu et al., 2007; Zhu et al., 2008). Another oncomiR highly 
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expressed in breast cancer metastasis is miR-10b (Ma et al., 2007) which initiates invasion 

and metastasis in breast cancer xenograft models. The same group reported another miRNA, 

miR-9 targeting E-cadherin which drives motility, invasion, and metastasis of cancer cells 

(Ma et al., 2010). Findings by Huang and colleagues indicated that MCF-7 cancer cell 

migration and invasion was stimulated by miR-373 and miR-520c both in vitro and in vivo, 

which proved them as metastasis-promoting miRNAs (Huang et al., 2008). 

Restoring the expression of miRNAs that are explicitly lost when breast cancer cells 

develop metastatic potential has been seen to suppress bone and lung metastasis by Tavazoie 

and colleagues (Tavazoie et al., 2008). Restoration of miR-126 diminished tumor growth and 

proliferation as a whole, whereas metastatic cell invasion was inhibited by miR-335. Another 

miRNA, miR-31, which is expressed in normal mammary cells, is specifically lost in 

metastatic breast cancer cell lines. This miRNA is reported to inhibit multiple steps of 

metastasis in an orthotopic model of breast cancer like invasion, anoikis, and colonization, 

which lead to a decline in lung metastasis (Valastyan et al., 2009). Its downregulation is 

reported to be strongly correlated with metastasis (Valastyan et al., 2009a; Valastyan et al., 

2010). This article was retracted by the authors indicating a controversial role of miR-31 in 

breast cancer (2015a; 2015b; 2015c). Wellner and colleagues in 2009 showed that EMT-

activator ZEB1, a transcription factor promotes tumorigenicity by repressing stemness-

inhibiting miRNA, such as miR-200 via repression of the promoter (Wellner et al., 2009). 

This provided a positive correlation between the levels of ZEB1 and BMI1. Thus, ZEB1-miR-

200-BMI1 coordinately manipulated the events in the formation of cancer stem cell 

phenotypes indicating multiple roles of miR-200 in the development and metastasis of breast 

cancer (Shimono et al., 2009). miR-146a and miR-146b have been seen to inhibit invasion 

and migration of breast cancer cells by downregulating NFkB via targeting IL-1 and TNF 

(Bhaumik et al., 2008). In an expression study of another miRNA, miR-497 was seen to be 

downregulated in breast cancer specimens and negatively correlated with TNM stage, tumor 

size,  metastasis to lymphatics, and human epidermal growth factor receptor-2 (EGFR2). It 

induced apoptosis of breast cancer stem cells (BCSCs) by targeting Bcl-w (Shen et al., 2012). 

More recently, miR-429 was reported to negatively regulate bone metastasis of breast cancer 

cells by inhibiting their migration and invasion (Ye et al., 2015). Table 2.3 provides an 

overview of the various miRNAs involved in different stages of metastasis of breast cancer. 
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Table 2.3 miRNAs in metastasis of breast carcinoma 

miRNAs Processes Target gene Reference 

miR-10b Promotes migration, invasion and 
colonization HOXD10 (Ma, 2010) 

miR-103/107 Induces EMT, invasion and 
metastasis DICER (Martello et al., 

2010) 

let-7 Inhibits cell intravasation and bone 
metastasis of breast cancer cells 

HMGA2, Snail 
RKIP 

(Dangi-Garimella 
et al., 2009) 

miR-105 Promotes intravasation, 
extravasation, and metastasis ZO-1 (Zhou et al., 2014) 

miR-122 Promotes metastatic colonization of 
breast cancer cells PKM2 (Fong et al., 2015) 

miR-124 Suppresses EMT, invasion SLUG (Liang et al., 2013) 
miR-125b Promotes metastasis STARD13 (Tang et al., 2012) 

miR-126 and 
miR-126* 

Inhibits recruitment of mesenchymal 
stem cells and inflammatory 
monocytes 

SDF-1α (Zhang et al., 
2013) 

miR-127 Inhibits migration BCL6 (Zhao et al., 
2013c) 

miR-127/ 
197/222/223 

Promotes breast cancer cell 
quiescence CXCL12 (Lim et al., 2011) 

miR-145 Suppresses cell invasion and 
metastasis MUC1 (Sachdeva and Mo, 

2010) 

miR-146a/b Suppresses cell invasion and 
metastasis - (Hurst et al., 

2009a) 

miR-148b 

Inhibits invasion, resistance to 
anoikis, extravasation, lung 
metastasis colonization and 
chemotherapeutic response 

ITGA5, 
ROCK1, 
PIK3CA, 
NRAS, CSF1 

(Cimino et al., 
2013) 

miR-149 

Inhibits basal-like breast cancer cell 
migration, adhesion and invasion in 
vitro and impairs lung colonization in 
vivo 

GIT1 (Chan et al., 2014) 

miR-155 Promotes tumor angiogenesis, 
extravasation VHL (Kong et al., 2014) 

miR-17-92 Promotes invasion and metastasis - (Liu et al., 2009) 

miR-199a 
Endows breast cancer cells with 
enhanced Cancer stem cell (CSC) 
properties 

FOX2 (Cuiffo et al., 
2014) 

miR-200 
family Promotes metastatic colonization Sec23a (Korpal et al., 

2011) 

miR-21 Promotes tumor invasion and TSGs TPM1, 
PDCD4, (Zhu et al., 2007; 
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metastasis maspin Zhu et al., 2008) 

miR-203 
Suppresses in vitro cell invasion, in 
vivo metastatic colonization of the 
lung and modulates EMT 

SNAI2 (Ding et al., 2013) 

miR-22 Promotes stemness, EMT, 
invasiveness, and metastasis 

TET1, TET2, 
TET3 

(Song et al., 
2013b) 

miR-23b Promotes dormancy in a metastatic 
niche MARCKS (Ono et al., 2014) 

miR-24 Promotes tumor invasion and 
metastasis 

PTPN9 and 
PTPRF (Du et al., 2013) 

miR-29b Suppresses EMT, invasion, and 
angiogenesis 

ANGPTL4, 
LOX, MMP2, 
MMP9, PDGF 
and VEGF 

(Chou et al., 2013) 

miR-335 Inhibits cell migration, invasion and 
colonization 

TenascinC, 
SOX4 

(Tavazoie et al., 
2008) 

miR-33b 
Subdues cell self-renewal, migration 
and invasion in vitro and inhibits lung 
metastasis in vivo 

HMGA2, 
SALL4, Twist1 (Lin et al., 2015) 

miR-34a/c Inhibits cell migration, invasion and 
lung metastasis Fra-1 (Yang et al., 

2013b) 

miR-373/ 
520c 

Promotes migration and invasion in 
ER+ breast cancer cells and inhibits 
cell invasion in vitro and in vivo 
intravasation of ER- breast cancer 
cells 

RELA, 
TGFBR2 

(Huang et al., 
2008) 
(Keklikoglou et 
al., 2012) 

miR-429 Negatively regulate bone metastasis 
of breast cancer cells 

ZEB1 and 
CRKL (Ye et al., 2015) 

miR-497 Negatively correlated with lymphatic 
metastasis Bcl-w (Shen et al., 2012) 

miR-7 
Suppresses cell invasion and 
metastasis, inhibits breast CSCs 
ability of brain metastasis 

SETDB1, 
KLF4 

(Zhang et al., 
2014) 

miR-9 Promotes EMT and cell motility and 
invasiveness CDH1 (Ma et al., 2010) 

miR-93 Enhances angiogenesis, invasion, and 
metastasis LATS2 (Fang et al., 2012) 
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With the poor scenario of miRNA research in metastasis of STS, a deeper 

understanding of metastasis process in STS is essential. Therefore, the thesis is focused on 

identifying some crucial regulators from miRNA-Transcription factor regulatory networks 

that might be active during STS metastasis and establishing the role of a novel miRNA-target 

pair in STS metastasis. In addition, we studied miRNAs in metastasis of breast carcinoma, the 

solid tumor of epithelial origin where the rate of metastasis related death has not yet reduced 

even after extensive research. To this end, we used a mouse mammary tumor model (the 4T1 

model), where the tumor cell populations are able to complete distinct steps of metastasis, for 

identifying miRNAs and their targets participating in breast cancer metastasis.  

2.4 Objectives of the thesis 
1. Unraveling novel TF-miRNA regulatory crosstalks in metastasis of soft tissue 

sarcoma. 

2. Decrypting the regulatory role of a novel miRNA-target pair in metastasis of soft 

tissue sarcoma. 

3. Investigating mouse model of metastatic breast cancer for identifying miRNAs and 

their translationally regulated targets. 
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Abstract 

Cancer metastasis is a disease of extreme clinical relevance, as it is responsible for more than 

90% of cancer-associated mortality. The molecular mechanism and critical regulators 

involved in this complex multi-stage process of metastasis is poorly deciphered in soft tissue 

sarcomas (STS), a heterogeneous group of rare tumors with high metastatic potential. 

Therefore, we aimed at identifying miRNA and TF regulatory networks and paths in STS 

metastasis. We integrated mRNA and miRNA expression profiles with curated regulations 

(TF→gene, TF→miRNA, miRNA→gene) from different databases and constructed a 

potentially active regulatory sub-network in STS metastasis. From the functional and 

topological analysis, we found nine novel regulators of Notch signaling sub-network, which 

are conjectured to play a critical role in metastasis of STS. This illustrated that the sub-

network is promising for identification of critical regulators. Further analysis deploying 

'RiNAcyc' tool developed by us and computing coverage ratio of known STS associated genes 

and miRNAs identified a 15 node active path. This potential path highlights the crucial role of 

BMP2, hsa-miR-24, AP2 and MYC as the up-stream regulators of the path and hsa-miR-215 

and TYMS as potential indicator of chemotherapeutic benefit in STS metastasis. 

Keywords: sarcoma; soft tissue sarcoma; miRNA; transcription factors; metastasis; 

regulatory network; pathway. 
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3.1 Introduction 

Soft tissue sarcomas (STS) are a rare form of cancer comprising of a heterogeneous group of 

more than 50 histological subtypes derived from mesenchymal tissues (Singer et al., 2000). 

STS range in their behavior from low-grade tumors, which have the propensity to recur 

locally to aggressive high-grade tumors with the ability to metastasize to distant sites (Yoon et 

al., 2006). The rarity of these tumors, poor prognosis, limited effective therapeutic options 

and ability to metastasize early makes them a challenging area of research. The stages of 

diagnosis and extent of metastasis are the two strongest predictor of patient survival which 

augments the need for understanding pathogenesis of STS metastasis to facilitate the 

development of new diagnostic markers and therapeutic targets.  

Metastasis is a complex multi-stage process of extreme clinical relevance which is 

responsible for more than 90% of cancer-associated mortality (Gupta and Massague, 2006). 

This includes escape of tumor cells from the primary site, local invasion, entry into local 

vascular or lymphatic vessels (intravasation), survival in the circulation which includes 

aggregation with platelets, attachment at the distant site by interaction with distant endothelial 

cells, extravasation, colonization at distant sites and expansion. The molecular mechanism 

underlying metastatic cascade in STS (non-epithelial cancers) is largely unknown owing to 

the complexity and heterogeneity of the malignancy as compared to carcinomas (epithelial 

cancers). The regulators modulating different stages of metastasis of STS are still unidentified 

making advanced research on STS metastasis an important area of study. Many attempts have 

been made to predict metastasis in STSs mostly by correlating gene expression patterns with 

the metastatic potential of high-grade STS (Chibon et al., 2010). The prognostic molecular 

signatures in 89 pleomorphic STS and 30 leiomyosarcomas, a type of STS was independently 

deciphered by Francis and Lee respectively (Francis et al., 2007; Lee et al., 2004). These 

signatures consisted of more than 200 genes but did not provide any clear clue towards any 

emerging biological pathways contributing to metastasis. Chibon and his colleagues identified 

a set of 67 genes termed as complexity index in sarcomas (CINSARC), which are predicted to 

be involved in mitosis, and chromosome integrity and can predict metastatic outcomes in STS 

(Chibon et al., 2010). However, the signatures from these independent studies share little 

overlap and provide inadequate knowledge about the mechanism of STS metastasis.  



                                                                                          Chapter 3: Unraveling novel TF-miRNA…        
                                                                                                                                                                                                                                                                                                                                                                                                          

31	
	

Transcriptional and post-transcriptional regulations are the critical components of 

tumor progression and metastasis, which have increasingly garnered the attention of cancer 

investigators in recent years. Deregulation of transcription factors (TFs), the major regulators 

controlling the expression of different sets of RNAs at the transcriptional level, whereas 

miRNAs are mainly acting at post-transcriptional level modulate target mRNA expression 

influencing multiple steps of the metastasis cascade. miRNAs are known to be involved in a 

wide array of biological processes including cell differentiation, development, death, 

homeostasis, and fine-tuning the regulation of these pathways, and their aberrant expression 

has been shown to be strongly correlated to STS pathogenesis (Fountzilas et al., 2012). 

miRNAs are believed to have genetic switch mechanisms whereby these essentially modulate 

the target genes expression by regulating TF and other TF-mediated events and vice versa 

(Chen et al., 2011). Thus, a comprehensive, coordinated regulatory network for studying 

complex diseases demands integration of both transcriptional and post-transcriptional 

regulation.  

Gene expression profile has been utilized largely for identification of the underlying 

mechanism of a disease through interactome and network studies. To identify and understand 

the signaling and regulatory interactions that are operational in a system due to gene 

expression changes, the concept of active sub-network (ASN) was devised (Ideker et al., 

2002). A similar approach was adopted for finding deregulated ASN in a regulatory network 

by Backes et al (Backes et al., 2012). A novel methodology, termed as CASNet 

(Consistent Active Subnetworks) was developed later by Gaire et al. to extract ASN by 

integrating difference in gene expression (Gaire et al., 2013). Moreover, various studies have 

been done to uncover the miRNA-TF regulatory network in different cancers such as 

glioblastoma, osteosarcoma (Poos et al., 2013; Yin et al., 2012). The majorities of these 

studies were focused mainly on feed-forward loop (FFL) motif and generated networks from 

the computationally predicted regulations of miRNAs and TFs. The extrapolation and 

identification of regulatory pathways from these ASNs will be icing on the cake and can 

throw more light on the key factors and their regulators responsible for a disease. To this end, 

Jiang and his group (Jiang et al., 2013) used the breadth-first search algorithm to identify 

active regulatory pathways from ASNs in Alzheimer’s disease. The algorithm traversed all 

vertices and provided the pathways only, but did not perform any enrichment study for a list 
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of genes/miRNAs that is essential to show their significant associations with a biological 

process or system. 

In this study, we contemplated differentially expressed (DE) miRNAs and mRNAs of 

different STS types for metastasis analysis taking into consideration of the fact that most of 

the human cancer types share a small number of cellular, molecular and biochemical traits 

which forms the basis of hallmarks of cancers. We amalgamated expression profiles of 

different STSs, curated data on various regulatory interactions (TF→gene, TF→miRNA, 

miRNA→gene) from different databases to identify potentially active sub-network (PASN) 

from a larger bio-molecular network, which might be active during metastasis of STS. 

Integrating these with known STS related genes and miRNAs to improve prediction accuracy 

followed by network topology and functional studies, we were able to find potentially 

significant STS metastasis specific paths, hubs, and regulators from the network. The curated 

regulations considered in our study to generate ASNs and paths are more discerning as 

compared to predicted regulations adopted in other methods to identify key modulators. 

Furthermore, we developed a standalone application called RiNAcyc (RNA-interacting Nodes 

in Acyclic paths) for identification of all acyclic paths from a network, which would be 

enriched with DE genes/miRNAs and will provide coverage ratio of a list of entities that are 

known STS associated genes/miRNAs in our study. This tool available at our website, 

http://vvekslab.in/tools.html can be exploited to perform similar studies in other disease 

systems. In addition to finding acyclic paths, we generated a sub-network from the 

components of a core pathway, the Notch signaling pathway and identified novel regulatory 

components, which might participate in STS metastasis-specific Notch signaling. This 

signaling is more alluring for investigation as this highly conserved pathway is reported to be 

involved in developmental processes, proliferation, apoptosis and play critical role in 

modulating other oncogenic signaling besides its role in sarcoma invasion and metastasis (Hu 

et al., 2012; Hughes, 2009; Zhang et al., 2008).   

Thus, our study provided a pool of genes and miRNAs with an unexplored potential to be 

critical regulators during STS metastasis progression. This miRNA-TF regulatory network 

generation and path analysis, first of its kind in STS will provide a framework for further 

understanding and targeting crucial step in STS progression to harness these for therapeutics. 
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3.2 Methods 
3.2.1 Gene and miRNA expression profile of high-grade STS 

Human STSs are a heterogeneous group of aggressive mesenchymal cancers where metastasis 

related death occurs in 50% of the patients with high-grade STS. Despite their heterogeneous 

nature, these must be sharing common features in their metastatic process. Therefore, we 

performed a comprehensive analysis on five major subtypes of STS for gene expression 

studies and six different subtypes of STS for miRNA expression studies to obtain a common 

set of DE genes and miRNAs. We retrieved primary high-grade STS gene expression profile 

(GSE21122) of Affymetrix platform (Human Genome U133A technology) and miRNA 

expression profile (GSE36982) of Illumina platform from Gene Expression Omnibus database 

(GEO) (Barretina et al., 2010). The mRNA microarray dataset comprised of 158 samples 

including nine normal fats as control and 149 samples of five major subtypes of STSs 

(Leiomyosarcoma (LMS), myxoid/round-cell liposarcoma (LIPO-MRC), dedifferentiated 

liposarcoma (LIPO-DD), Myxofibrosarcoma (MFS) and pleomorphic liposarcoma (LIPO-

PLEO)). miRNA array data of GSE36982 included 58 samples of six different STS subtypes 

(LMS, LIPO-PLEO, LIPO-MRC, LIPO-DD, MFS and malignant fibrous histiocytoma 

(MFH)) and two normal fat samples as control. Both the data sets were analyzed using 

GeneSpring GX 12.6 software (Agilent Technologies). For gene expression analysis, the 

robust multi-chip averaging (RMA) algorithm was used for summarization with subsequent 

baseline normalization of the log-summarized values for each probe set. The pre-processing 

of data is performed by adopting gene level expression analysis in GeneSpring wherein if 

multiple probe sets corresponded to the same gene, then the expression values of these probe 

sets were averaged. The data were then filtered to remove probe sets with lowest 20 percentile 

of all intensity values. For miRNA expression analysis, data was normalized using quantile 

normalization and filtered using flags. The subsequent analysis steps were same for both 

mRNA and miRNA, wherein the data were subjected to ANOVA analysis, incorporating the 

Benjamini-Hochberg FDR multiple testing corrections with p-value < 0.05. The probe sets 

were further filtered on the basis of fold change (FC) cut-off of 2.0, a standard criterion for 

differential expression to obtain significantly DE genes and miRNAs (Poos et al., 2013). The 

probe sets for each expression value were then mapped to Entrez gene ID for further analysis.  
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3.2.2 Functional analysis of DE genes and miRNAs 

Functional analysis of DE mRNAs and miRNAs obtained from microarray data processing 

was carried out to check for their involvement in different biological processes using 

MetacoreTM (Thomson Reuters). The DE genes and miRNAs with established role in the 

multi-stage process of metastasis of cancer were screened out for further analysis. 

3.2.3 Genes and miRNAs related to STS 

The genes and miRNAs associated with STS pathogenesis was collected from two different 

databases. Genes were collected from the STS specific annotations in MalaCards human 

disease database (version 1.05) (Rappaport et al., 2013). MalaCards mines and merges forty-

four data sources to generate information about 16,919 diseases. miRNAs associated with 

STS were obtained from the Human microRNA Disease Database (HMDD) (Lu et al., 2008). 

This database contains manually curated and experimentally validated miRNAs de-regulated 

in diseases from published studies. Due to less number of miRNAs obtained from this 

database, we additionally mined MetacoreTM (Thomson Reuters) to obtain more deregulated 

miRNAs in STS. A gene or miRNA is considered to be involved in STS if it is reported in any 

one of the subtypes of sarcoma considered in our study.  

3.2.4 Curated regulatory relationships and network generations 

The regulatory relationships among TFs, miRNAs and target genes (TF→gene, TF→miRNA, 

miRNA→genes) were obtained from five different curated databases: TransmiR (version 1.2) 

(Wang et al., 2010b), TRANSFAC (version 11.4) , miRecords (version 3) (Xiao et al., 2009), 

miRTarbase (release 2.5) (Hsu et al., 2011) and TarBase (version 5.0) (Sethupathy et al., 

2006). In our analysis, the term “gene” includes both TF genes and non-TF genes and the 

term “gene targets” includes only non-TF genes. All TFs and genes obtained from these 

databases were mapped to their Entrez Gene ID to maintain uniformity and remove 

redundancy associated with gene name aliases. The miRNA-gene regulations from three 

databases- miRecords, miRTarbase, and TarBase were merged to obtain one uniform non-

redundant set of miRNA-mRNA relationships. With these above mentioned curated 

regulatory relationships, we generated a curated TF-miRNA regulatory network using 

Cytoscape 3.1.1 (Saito et al., 2012). The redundant edges of the regulatory networks 
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generated were collapsed into one, and all the self-directed loops was pruned from the 

network. An overview of the approach is given in Fig. 3.1. 

 

Figure 3.1. Overview of the approach adopted. 

3.2.5 TF-miRNA sub-network generation and analysis 

A potentially active TF-miRNA sub-network in STS metastasis was generated by mapping 

entities which are the common DE genes and miRNAs with a role in metastasis obtained from 

MetacoreTM analysis, as active seed nodes. Any neighboring undirected node connected to the 

active seed node was extracted from the network to form a potential active TF-miRNA sub-

network in STS metastasis.  

With the aim of finding critical regulatory elements, we performed network topology 

and functional analysis by ignoring the direction of nodes. The PASN in STS metastasis was 

analyzed considering degree (connectivity), the basic topological measure and their 

distribution to assess the network characteristics. We determined the degrees of nodes and 
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degree distribution of our network to identify hubs (nodes having a large number of 

connections) in the network that are likely to play important regulatory roles. 

We used NetPath of CPDB, a manually curated pathway resource in humans to 

perform gene set enrichment analysis and identify signal transduction pathways 

overrepresented with genes involved in STS metastasis-specific regulatory networks 

(Kandasamy et al., 2010). These enriched pathways were further interpreted using 

MetacoreTM (Thomson Reuters). For finding pathways associated with miRNAs, we used 

DIANA-mirPath, a web-based computation tool (Papadopoulos et al., 2009). It takes into 

account the combinatorial effect of co-expressed miRNAs in modulating a pathway. It 

embeds DIANA-microT, Pictar, or TargetScan (Chen and Rajewsky, 2006; Lewis et al., 2005; 

Paraskevopoulou et al., 2013) to predict the targets of miRNAs of interest and finds KEGG 

pathway annotations enriched in the target. Further, from the pathways obtained, we selected 

Notch signaling pathway for sub-network generation and network topology and functional 

analysis because of its importance in being involved with an array of critical signaling 

pathways and role in metastasis.  

3.2.6 Identification and evaluation of paths from TF-miRNA regulatory 

sub-network 

In our study, paths mean a series of connected molecules (TFs, miRNAs, and target genes) of 

a minimum length of 3 nodes and maximum of 30, which represents a signaling cascade 

occurring in a cell. The paths that connected multiple TFs, miRNAs and target mRNAs were 

identified from the active sub-network to uncover the regulatory cascades involved in 

transcriptional and post-transcriptional regulations playing important role in STS metastasis 

pathogenesis. For identification of active paths from the active sub-network, all the acyclic 

paths with zero in-degree to zero out-degree nodes were identified using RiNAcyc (Fig 3.2), 

the tool developed by our group. It is a freely available standalone tool written in python 

using DFS algorithm that can be implemented in any disease system for generating acyclic 

paths. We selected paths enriched with 50% DE genes and miRNAs and evaluated to identify 

the significant potential active regulatory paths operating in STS metastasis. The evaluation 

was based on finding the coverage ratio of known STS genes and miRNAs for each path. The 

coverage ratio is defined as the probability of path occurring in STS; higher the coverage ratio 
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of a path, higher its chances of occurring in STS metastasis. It was calculated as the number 

of known genes/miRNAs in STS divided by path length (total number of genes/miRNAs in 

the path).  The statistical significance was calculated using hypergeometric test.  

 

Figure 3.2. Snapshot of RiNAcyc tool developed by us for predicting acyclic pathways.  

3.2.7 Co-expression analysis  

Co-expression analysis was performed to measure co-expression of genes and miRNAs using 

ChiPBase V2.0 (Yang et al., 2013a). The tool helps in exploring the pattern of co-expression 

between TFs and genes and among genes, which include miRNA genes. Pearson correlation 

coefficient (r) is used to determine the correlations and their significance is calculated using 

student’s t-test.   

3.2.8 Cell culture and reagents 

HT1080 fibrosarcoma cell lines was obtained from NCCS, Pune, India and cultured in 

DMEM medium (Himedia) supplemented with 10% fetal bovine serum (FBS) (Gibco), 2mM 

L-glutamine (Himedia), 1% penstrep antibiotic solution (Himedia). Normal human lungs 

fibroblast cells IMR-90-tert (IMR-90 cells with telomerase to maintain viability) was a kind 

gift from Dr. Shweta Tyagi, CDFD, Hyderabad. IMR-90-tert was grown in EMEM 

(Himedia), 10% FBS and 1% penstrep antibiotic solution. 
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3.2.9 RNA isolation and quantitative real-time PCR (qRT-PCR) 

For quantifying the expression of genes, total RNA was isolated from cells using RNA 

isolation kit (Qiagen) following manufacturer’s protocol and cDNA was prepared using 

SuperScript first-strand cDNA synthesis kit (Invitrogen). qRT-PCR was performed using 

primers sequence from PrimerBank (Wang et al., 2012) which were synthesized from Sigma 

and SYBR green master mix (Thermo Scientific) in Master cycler Realplex (Eppendorf). β-

actin was used as an endogenous control. Further, miRNA enriched fraction was isolated 

using mirVana miRNA isolation kit (Ambion, USA). NCode VILO cDNA synthesis kit and 

Express SYBR Green (Invitrogen) was used for miRNA quantification. The primer for 

miRNA was designed by taking the complete, mature sequence of the miRNA from miRBase 

(Kozomara and Griffiths-Jones, 2014). U6, a small nuclear RNA (snRNA) was used an 

endogenous control for miRNA quantification. Comparative delta-delta Ct method was used 

for computing fold change of expression. The calculation is as follows: ΔCt=ΔCt target−ΔCt 

ACTB, ΔΔCt=ΔCt experiment group − ΔCt control group, fold change=2−ΔΔCt. Each 

experiment was repeated thrice. Primer sequences used for the qRT-PCR study are given in 

Table 3.1. 

Table 3.1. List of primers used for qRT-PCR 

Gene/miRNA  Primer Sequence 

β-Actin F CATGTACGTTGCTATCCAGGC 
R CTCCTTAATGTCACGCACGAT 

TYMS F CTGCTGACAACCAAACGTGTG 
R GCATCCCAGATTTTCACTCCCTT 

U6 F CTCGCTTCGGCAGCACATATACT 
R ACGCTTCACGAATTTGCGTGTC 

hsa-miR-215 F CGGCGATGACCTATGAATTGACAGACA 
R Universal reverse primer for miRNA 

 

3.2.10  Survival analysis  

The effect of thymidylate synthase (TYMS) that occurs as a terminal node in all predicted 

significant paths on cell survival in sarcoma samples was analyzed by performing Kaplan-

Meyers (KM) survival analysis. The plot was drawn using OncoLnc, a novel tool that 
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provides overall survival outcome of the samples using sarcoma expression data from The 

Cancer Genome Atlas (TCGA) (Anaya J., 2016). The TCGA sarcoma data encompasses RNA 

seq data from seven STS subtypes that was used for survival analysis.  

3.3 Results 
3.3.1 DE mRNAs & miRNAs in STS 

Microarray analysis of the two data sets using GeneSpring GX 12.6 (Agilent Technologies) 

resulted in 343 common DE mRNAs and 250 common DE miRNAs in STS, with p <0.05 and 

fold change ≥ 2.0. Functional analysis of the DE genes and miRNAs using Metacore TM   

resulted in 47 genes and 11 miRNAs to be involved in metastasis of cancers.  

3.3.2 Identification of active TF-miRNA sub-network and functional 

analysis 

A curated TF-miRNA regulatory network was constructed using Cytoscape by integrating 

curated data from databases (refer to Materials and Methods). The generated network 

included 300 miRNAs, 414 TFs and 2470 gene targets that formed 3184 nodes and 6153 

interactions/regulations (Fig. 3.3A). An STS metastasis specific potential active TF-miRNA 

regulatory sub-network was obtained by mapping the 47 DE genes and 11 miRNAs having a 

role in metastasis as active seed nodes. Of these, only 21 genes and 2 miRNAs mapped to the 

TF-miRNA regulatory network as seed nodes. These DE nodes were further connected to 

their immediate neighbors irrespective of directions to generate a PASN (Fig. 3.3B). The sub-

network consisted of 55 TFs, 120 target genes and 64 miRNAs and 483 pairs of regulations. 

The significance of these potential active TF-miRNA co-regulatory sub-network in STS 

metastasis was assayed using hypergeometric test. For hypergeometric tests, following values 

were considered- the curated TF-miRNA regulatory network of 3184 nodes of which 158 

were known to be STS associated, the PASN of 239 nodes of which 36 are known STS 

associated. As a result, the elements in the active sub-network significantly enriched the set of 

known STS-associated genes and miRNAs (p= 3.12 x 10-10). 



                                                                                          Chapter 3: Unraveling novel TF-miRNA…        
                                                                                                                                                                                                                                                                                                                                                                                                          

40	
	

 

Figure 3.3. TF-miRNA regulatory networks (A) Curated TF-miRNA regulatory network. (B) 

Active sub-network in STS metastasis. 

To have a general view of this active regulatory sub-network, we calculated degrees 

(connectivity) and their distributions, which are basic topological network measures. In this 

network, the degree values of the genes, miRNAs and TFs ranged from 1 to 18, 1 to 80 and 1 

to 78 respectively. The degree distribution for genes, miRNAs, and TFs, were found to be 

strongly right-skewed, indicating that most nodes had a low degree, while only a small 

portion of nodes had a high degree called as hubs (Fig 3.4). 

 

Figure 3.4. Degree distribution of active sub-network in STS metastasis 

B A 
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We screened nodes with greater than 10 degrees as potential hubs which are assessed for their 

potential roles in STS metastasis (Table 3.2). We obtained 2 miRNA hubs (hsa-miR-373 and 

hsa-miR-21), 10 TF hubs (MYC, FOS, PTEN, ESR1, SP1, TP53, EGR1, RELA, YY1, 

CREB1) and 1 target gene hub (VEGFA). Of these thirteen hubs (Fig. 3.5), 6 (hsa-miR-373, 

MYC, PTEN, ESR1, TP53 and VEGFA) are reported to be involved in STS pathogenesis and 

metastasis (Barrios et al., 1994; Fritz et al., 2002; Liu and Wilson, 2012; Yin et al., 2012). 

Table 3.2. Nodes acting as hubs in PASN 

Nodes In-degree Out-degree Total degree  
hsa-miR-373 4 76 80 
MYC  32 46 78 
FOS 22 19 41 
PTEN  17 9 26 
ESR1 9 15 24 
SP1 2 22 24 
VEGFA 18 0 18 
TP53 10 5 15 
hsa-miR-21 5 8 13 
EGR1 3 8 11 
RELA 3 7 10 
YY1 2 8 10 
CREB1 1 9 10 
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Functional analysis of active sub-network for enriched pathways yielded many curated 

pathways which might be active in STS metastasis. From 239 genes and miRNAs of active 

sub-networks, 175 genes were found to be enriched in 16 pathways (p<0.001) (Table 3.3) as 

obtained from analysis in consensus path database (CPDB) and MetacoreTM. Remaining 64 

miRNAs were analyzed using DIANA-mirPath (Papadopoulos et al., 2009) that yielded 38 

pathways including Notch signaling. 

Table 3.3. Enriched curated pathways from the potential active TF-miRNA sub-network in 

STS metastasis 

Pathway Members p-value 

IL2 STAT4; STAT3; STAT1; CREB1; ELK1; IL2; EIF4E; 
RELA; TERT; YBX1; ATF2 2.15E-09 

Oncostatin M  ERBB2; STAT3; STAT1; FOS; EGR1; TP53; RELA 3.66E-07 

BCR STAT3; STAT1; FOS; CREB1; CTNNB1; ELK1; CDK4; 
HNRNPK; RELA; GTF2I; ATF2 5.70E-07 

ID MYOD1; TCF3; TCF7L2; ELK3; ELK1; ELK4 6.30E-07 
TGF-beta 
Receptor  

TP53; FOS; SP1; CDC25A; ESR1; CTNNB1; CDK4; CD44; 
LEF1; MYC; CTCF; ATF2 1.58E-06 

TSLP EIF4E; RELA; STAT4; STAT3; STAT1 4.85E-06 
Gastrin  STAT3; SP1; CREB1; CTNNB1; IL2; RELA 1.06E-05 
Leptin  ERBB2; STAT3; STAT1; ESR1; SP1; CFL2; EIF4E 1.11E-05 
Androgen 
Receptor  

CTNNB1; STAT3; ESR1; SP1; CDC25A; CREB1; AHR; 
PTEN; ATF2 7.24E-05 

Prolactin  ERBB2; STAT3; STAT1; FOS; ESR1; RELA 0.000229 
IL6 ERBB2; STAT3; STAT1; FOS; IL6; EIF4E 0.000311 
IL5 CTNNB1; ELK1; STAT3; STAT1; ATF2 0.000312 
Notch YY1; RELA; STAT3; LEF1; TCF3 0.000755 
IL4 ELK1; STAT3; CXCR4; STAT1; ATF2 0.001102 
Ghrelin  RELA; ELK1; GNAI2; CREB1 0.001356 
IL11 RELA; STAT3; STAT1 0.002799 

EGFR1 ERBB2; STAT3; STAT1; ENO1; SP1; FOS; CREB1; 
ADAM9; PTEN; ELK1; TP53; RELA; MYC 0.004329 

CRH RELA; GNAI2; CREB1 0.009277 
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3.3.3 Identification of novel components of Notch signaling pathway in STS 

metastasis 

From CPDB pathway analysis, we found 5 genes (YY1, RELA, STAT3, TCF3, LEF1) from 

the active sub-network to be part of Notch signaling. We generated a sub-network from these 

5 genes by mapping them as seed nodes to the active sub-network involved in STS metastasis 

and extracted the network they formed with their neighboring nodes (Fig. 3.6). We obtained a 

STS metastasis specific Notch signaling network with 26 nodes and 50 edges (interactions). 

This consists of 6 target genes, 11 TFs, and 9 miRNAs. Further, network topological analysis 

for identifying significant critical regulators resulted in 7 TFs hubs and 2 miRNAs hubs (Fig. 

3.7). From these hub regulators, three are implicated in STS pathogenesis and rests are found 

to be involved in other mesenchymal malignancies. Thus, these 9 regulatory hub molecules 

might play an important role in Notch signaling mediated STS metastasis pathogenesis. Their 

role and association with Notch is described in Table 3.4.  

 

Figure 3.6. STS metastasis specific Notch signaling network 
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Figure 3.7. Nine hubs in STS metastasis specific Notch signaling sub-network (A) STAT3. 

(B) SP1. (C) RELA. (D) MYC. (E) hsa-miR-34a. (F) FOS. (G) hsa-miR-21. (H) YY1. (I) 

TP53. 
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Table 3.4. STS metastasis-specific Notch signaling network hubs 

Nodes Out-
degree 

In-
degree 

Total 
degree 

Evidence in support of their 
association with Notch signaling References 

MYC 5 5 10 
Direct target of Notch1; amplified in 
STS with a potential role in 
sarcomagenesis 

(Weng et 
al., 2006) 

RELA 6 4 10 Regulated by Notch signaling in 
cancers 

(Osipo et 
al., 2008; 
Rizzo et al., 
2009) 

YY1 8 2 10 

Association with high molecular 
weight Notch complex; 
overexpressed in human 
osteosarcomas 

(de Nigris et 
al., 2006; 
Yeh et al., 
2003) 

FOS 5 4 9 
Encoded by Notch pathway target 
gene and modulates cell fate in 
cancer cells 

(Aithal and 
Rajeswari, 
2013) 

SP1 6 2 8 

important for Notch1 transcription; a 
key regulator in miRNA-TF 
regulatory network in osteosarcoma 
proliferation 

(Poos et al., 
2013) 

STAT3 4 2 6 

Notch signaling activates STAT3 
pathway via Notch effector HES1 TF; 
involved in survival and proliferation 
of osteosarcoma cells 

(Fossey et 
al., 2009) 

TP53 1 4 5 
Notch signaling is an important 
functional player in TP53 suppression 
pathways during tumor progression 

(Guijarro et 
al., 2013) 

hsa-
miR-21 2 3 5 

Correlation in expression of hsa-miR-
21 and Notch1; involved in 
osteosarcoma cell invasion and 
migration as an oncogene 

(Xiong et 
al., 2014; 
Ziyan et al., 
2011) 

hsa-
miR-
34a 

2 2 4 

A potential regulator of Notch 
signaling; involved in osteosarcoma 
cell invasion and migration as a 
tumor suppressor 

 
(Zhao et al., 
2013b) 
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3.3.4 Identification of potential active TF-miRNA regulatory paths in STS 

metastasis 

From the potentially active TF-miRNA regulatory sub-network in STS metastasis, we 

extracted all acyclic pathways from zero-indegree to zero-outdegree using a depth-first search 

(DFS) algorithm. 1565 acyclic paths with 3 or more nodes which could be potentially active 

paths in STS metastasis were obtained. These paths consisted of 127 genes and miRNAs. The 

maximum length of the path we obtained was 14. To identify the significant active paths from 

these potential active paths, we mapped the known STS genes and miRNAs obtained from 

Malacard, HMDD, and MetacoreTM. 221 STS associated genes and 16 miRNAs were obtained 

which were associated with STS pathogenesis. Of these 237 STS associated genes and 

miRNAs, 27 were found to be present in 1565 potential paths. We then calculated the 

coverage ratio as described in materials and methods section for each path to measure the 

probability of occurrence of the path in STS metastasis. We obtained 12 paths with p<0.001 

(calculated using hypergeometric test) that are considered significantly active TF-miRNA 

regulatory paths in STS metastasis (Table 3.5). Due to some common components among 

these significant paths, we combined them to form a single significant path (Fig. 3.8). We also 

carried out topology measure of the nodes (Table 3.6) forming the significant active paths that 

consisted of 5 TF hubs (MYC, FOS, PTEN, ESR1, TP53). This shows the critical regulators 

from the network to be playing important role in STS metastasis by being part of the active 

significant path. Three of the TF hubs (MYC, FOS, TP53) also formed the part of STS 

metastasis-specific Notch signaling networks The 12 significant paths obtained are inferred to 

be potentially involved in STS metastasis. First, while correlating the extent to which the 

components of all significant active paths appeared in the set of known STS associated genes 

and miRNAs, we obtained 27 STS associated entities from the list of 127 genes/miRNAs 

forming 1565 potential active regulatory paths. Further, the 12 active paths consisted of 15 

genes/miRNAs of which 9 were reported to be associated with STS. Using hypergeometric 

test, it was seen that entities in all of the active pathways significantly enriched (p = 0.00053) 

the set of known STS-associated genes and miRNAs. Secondly, MetacoreTM analysis was 

performed for remaining 6 genes/miRNAs (FOS, hsa-miR-19a, hsa-miR-22, hsa-miR-24, hsa-

miR-215 and hsa-miR-302c) where all were found to be related to STS indirectly by their 

involvement in other mesenchymal tumors/sarcomas except hsa-miR-302c.  
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Table 3.5: Significant active TF-miRNA regulatory paths in STS metastasis 

Most significant paths Known 
STS 

Path 
length p-value 

AP2→MYC→hsa-miR-26a→PTEN→hsa-miR-22 →ESR1→ 
FOS→TP53→ hsa-miR-215→TYMS 7 10 0.0007 

AP2→MYC→hsa-miR-26a→PTEN→hsa-miR-19a 
→ESR1→FOS→TP53 →hsa-miR-215→TYMS 7 10 0.0007 

AP2→MYC→hsa-miR-26a→PTEN→hsa-miR-302c 
→ESR1→FOS→TP53 →hsa-miR-215→TYMS 7 10 0.0007 

AP2→MYC→hsa-miR-221→PTEN→hsa-miR-22 
→ESR1→FOS→TP53→ hsa-miR-215→TYMS 7 10 0.0007 

AP2→MYC→hsa-miR-221→PTEN→hsa-miR-19a 
→ESR1→FOS→TP53 →hsa-miR-215→TYMS 7 10 0.0007 

AP2→MYC→hsa-miR-221→PTEN→hsa-miR-302c 
→ESR1→FOS→TP53 →hsa-miR-215→TYMS 7 10 0.0007 

BMP2→hsa-miR-24→MYC→hsa-miR-26a→PTEN→hsa-miR-
22 → ESR1→TP53→hsa-miR-215→TYMS 7 10 0.0007 

BMP2→hsa-miR-24→MYC→hsa-miR-26a→PTEN→hsa-miR-
19a → ESR1→TP53→hsa-miR-215→TYMS 7 10 0.0007 

BMP2→hsa-miR-24→MYC→hsa-miR-26a→PTEN→hsa-miR-
302c → ESR1→TP53→hsa-miR-215→TYMS 7 10 0.0007 

BMP2→hsa-miR-24→MYC→hsa-miR-221→PTEN→hsa-miR-
22 → ESR1→TP53→hsa-miR-215→TYMS 7 10 0.0007 

BMP2→hsa-miR-24→MYC→hsa-miR-221→PTEN→hsa-miR-
19a → ESR1→TP53→hsa-miR-215→TYMS 7 10 0.0007 

BMP2→hsa-miR-24→MYC→hsa-miR-221→PTEN→hsa-miR-
302c → ESR1→TP53→hsa-miR-215→TYMS 7 10 0.0007 

 

 

Figure 3.8. Association of 12 significant active TF-miRNA regulatory paths in STS 
metastasis 
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Table 3.6. Degree connectivity of the 15 genes and miRNAs forming the active path 

Nodes  Edge count  In-degree  Out-degree  
MYC 75 32 43 
FOS 41 22 19 
PTEN 26 17 9 
ESR1 24 9 15 
TP53 16 10 6 
hsa-miR-221 7 3 4 
hsa-miR-24 6 3 3 
hsa-miR-19a 5 3 2 
hsa-miR-215 5 1 4 
TFAP2A (AP2)  5 0 5 
hsa-miR-22 4 2 2 
hsa-miR-26a 4 1 3 
TYMS 3 3 0 
BMP2 2 0 2 
hsa-miR-302c 2 1 1 

 

3.3.5 Co-expression analysis  

The nodes connected with an edge in the predicted networks that are significantly associated 

with STS should show significant co-expression relationship between them in the malignancy. 

Hence, we performed co-expression analysis of some of the path components between the 

critical upstream regulator MYC, and its modulated oncogenic miRNAs- hsa-miR-26a and 

hsa-miR-221 and downstream regulator hsa-miR-215 regulating TYMS, to identify whether 

these are significantly co-expressed in STS. We found significant positive correlation between 

MYC-hsa-mir-26a and MYC-hsa-mir-221 with p-value = 0.000317 and 0.000361 respectively 

and correlation coefficient r = 0.2216 and 0.2196 respectively (Fig 3.9A, 3.9B). This 

confirmed higher expression of MYC is associated with higher expression of the miRNAs. 

TYMS and hsa-mir-215 gene were found to be significantly negatively correlated with p-

value = 0.0168 and correlation coefficient r = -0.1481 (Fig 3.9C) indicating lower expression 

of hsa-miR-215 is correlated with higher expression of TYMS. The correlation coefficient is 

used as a measure of gene co-expression, where a negative r-value indicates negative 

correlation and a positive value indicates positive co-relation. 
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Figure 3.9. Co-expression analysis (A, B) Correlation analysis between MYC and its 

regulated miRNAs, hsa-mir-26a and hsa-mir-221 showed a positive correlation between them 

indicating upregulation of oncogene MYC upregulates the miRNAs, suggesting MYC 

mediated miRNA regulation in STS. (C) Correlation analysis between TYMS and hsa-mir-

215 showed a negative correlation suggesting hsa-miR-215 is associated with inhibition of 

TYMS. 

A B 

C 
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3.3.6 Validation of path components 

We checked the expression of two crucial terminal components of the path as obtained from 

our microarray data and we found TYMS to be highly upregulated and hsa-miR-215 to be 

highly downregulated in all STS subtypes taken (Fig 3.10A). Their expression was then 

validated using qRT-PCR in metastatic fibrosarcoma HT1080 cell line taking IMR-90-tert 

normal fibroblast cell line as a control. We found hsa-miR-215 to be 1.5 fold downregulated 

and its probable target TYMS to be 5.5 fold upregulated in the metastatic fibrosarcoma cell 

line (Fig 3.10B). We found hsa-miR-215 has a canonical 8-mer binding site in 3/UTR of 

TYMS, which is considered a good target site (Fig 3.10C). Being overexpressed in most 

cancers, TYMS enzyme has been successfully used as a chemotherapeutic drug target for 

more than half a century (Wilson et al., 2014) as it is the de novo source of thymidylate, an 

essential precursor for DNA biosynthesis. The upregulation of TYMS from our microarray 

and qRT-PCR analysis was in accordance with Kaplan-Meyers (KM) survival analysis, where 

high expression is seen to be associated with decreased survival of sarcoma patients (Fig 

3.10D). It thus indicates its potential as a candidate for prognostic indicator of 

chemotherapeutic benefits in STS metastasis. 

 

A B 
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Figure 3.10. TYMS and hsa-miR-215 expression in STS (A) The expression levels of TYMS 

and hsa-miR-215 from our microarray data analysis. (B) The expression levels of TYMS and 

hsa-miR-215 from qRT-PCR in HT1080 metastatic fibrosarcoma cell line as compared to 

normal fibroblast cell line IMR-90-tert. (C) The binding site of hsa-miR-215 has a canonical 

8-mer binding site in 3/UTR of TYMS. (D) Kaplan-Meier plot demonstrating the relationship 

between TYMS expression and survival of patients with sarcoma obtained from analysis of 

TCGA data. KM plot showing high expression of TYMS in sarcoma is associated with low 

survival of patients.  

3.4 Discussions 

De-regulation at the transcriptional and post-transcriptional level has a crucial impact on the 

oncogenesis of STS. In this study, we established a TF-miRNA regulatory network that might 

C 

D Kaplan-Meyer plot for TYMS in SARC  

p-value = 0.00415 
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be playing a critical role in the multi-stage process of metastasis of STS at both transcripts 

and protein level. There is vast literature dedicated to the study of carcinomas, but not much 

information available on critical regulators of the metastatic pathway in STS. Elucidating the 

regulators controlling metastasis is vital for improving patient outcome and developing novel 

therapeutics. Therefore, we were impelled to construct an active TF-miRNA regulatory 

network in STS metastasis with the help of curated regulations and deduced critical 

regulators, novel Notch signaling components and significant active paths which have 

illuminated the most significant regulatory nodes in metastatic cascades operating in STS. 

This work represents the first TF-miRNA regulatory network in STS.  

We obtained 16 pathways from the functional analysis of the active sub-network 

analysis. Among them, a number of pathways have role reported in metastasis of cancers, 

such as TGFβ receptor, EGFR1, androgen receptor, Notch signaling pathways and few more. 

We selected Notch signaling to assess its role in STS metastasis because of its reported 

crosstalks with other oncogenic signaling pathways like EGFR, NF-κB, Akt, Sonic hedgehog 

(Shh), mammalian target of rapamycin (mTOR), Ras, Wnt, platelet-derived growth factor 

(PDGF), TGFβ and androgen receptor signaling which pave tumor aggressiveness (Leong and 

Karsan, 2006; Villaronga et al., 2008; Wang et al., 2008). Our Metacore analysis also 

revealed crosstalks among members of Notch pathway and members of other critical 

pathways like TGFβ and EGFR1. The notch pathway appears to be critical in the invasion and 

metastasis of sarcomas as well and ideally placed to regulate other signaling pathways 

involved in tumorigenesis. 

The STS metastasis specific Notch signaling network analyzed consisted of 28 nodes 

(Fig 3.6). Of these, 2 TFs (TP53, MYC), 3 miRNAs (hsa-miR-373, hsa-miR-34a, and hsa-

miR-31) and 1 target gene (IL6) are reported to be associated with STS pathogenesis (Barrios 

et al., 1994; Liu and Wilson, 2012; Vogt et al., 2011; Yin et al., 2012).  Further network 

topological analysis revealed nine novel components for this pathway which might also be 

active in Notch signaling during STS metastasis. These novel regulatory molecules include 

MYC, TP53, STAT3, RELA, YY1, FOS, SP1, hsa-miR-21 and hsa-miR-34a. Their role and 

association with Notch signaling are briefed in Table 3.3. Majority of the regulators were seen 

to play important roles in osteosarcoma and thus show their potential role in being part of 
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Notch signaling pathway in metastasis of STS. Further validation of the regulators is 

warranted for establishing this hypothesis. 

The most interesting part of the study is the deduction of acyclic paths from the 

potential active TF-miRNA regulatory network. We obtained 12 statistically significant paths 

(p<0.001) which when integrated formed a 15 node path composed of different TFs, miRNAs, 

and target genes (Fig 3.8). This composite path might be active in STS metastasis and play a 

crucial role in the disease progression. All the regulators of the paths except hsa-miR-302c 

have considerable evidence to support their direct involvement in sarcoma (osteosarcoma, 

rhabdomyosarcoma, Kaposi sarcoma). However, hsa-miR-302c has been observed to act as a 

tumor suppressor in hepatocellular carcinoma by inhibiting angiogenesis, an important event 

in metastasis (Zhu et al., 2014). Hence, hsa-miR-302c can be assumed to play an important 

tumor suppressive role in the regulation of crucial step in STS metastasis.  

We also found some other regulatory interactions in the path which could be relevant 

to STS metastasis, such as hsa-miR-24→MYC. hsa-miR-24 has been found to be 

downregulated in osteosarcoma which is acting as an inhibitor of cell proliferation (Song et 

al., 2013a). It is also seen to target cell cycle regulator MYC and inhibit proliferation in 

hematopoietic cell differentiation (Lal et al., 2009). Proliferation being the crucial initial step 

of metastasis, we hypothesize that hsa-miR-24 might play a tumor suppressive role during 

STS metastasis. Its role in invasion and metastasis of carcinomas is also well defined (Du et 

al., 2013). The MYC oncogene seemed to form a critical central molecule in regulating the 

path with its expression being regulated by either hsa-miR-24 or AP2. MYC then might be 

involved in miRNA mediated downregulation of other genes in STS metastasis as indicated 

from our active path (MYC→hsa-miR-221, MYC→hsa-miR-26a) (Fig. 3.8). It being a crucial 

regulator, further correlation analysis carried out for MYC, and two miRNAs- hsa-miR-26a 

and hsa-miR-221 in sarcoma data from TCGA showed a significant positive co-expression 

between them (Fig 3.9A, 3.9B). hsa-miR-26a and hsa-miR-221 are known to have an 

oncogenic role in sarcoma, thus indicating their potential regulation by the MYC oncogene in 

STS (Lee et al., 2013; Ugras et al., 2011; Zhao et al., 2013a).   Oncogenic role of hsa-miR-

221 in osteosarcoma was recently elucidated where it was reported to induce malignant 

phenotype by inhibiting PTEN (hsa-miR-221→PTEN) (Zhao et al., 2013a). The PTEN 
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regulating miRNA, hsa-miR-26a (hsa-miR-26a→PTEN) is seen to be upregulated in 

liposarcoma (Ugras et al., 2011) indicating it might also play an oncogenic role in 

mesenchymal cancer or STS. The function of PTEN in regulating oncomiR (hsa-miR-19a) 

and oncosuppressor miRNAs (hsa-miR-302c, hsa-miR-22) in malignant transformation and 

metastasis have been reported earlier and thus can be predicted to have a potential role in STS 

metastasis as well. hsa-miR-19a belongs to the cluster miR-17-92 and is found to be higher in 

a metastatic subline of osteosarcoma cell SAOS-2 (Huang et al., 2012). Guled et al. identified 

expression pattern of miRNAs including hsa-miR-22 from a series of miRNA profiling of 

LMS and undifferentiated pleomorphic sarcoma and linked them to targets known to be 

involved in LMS development and progression (Guled et al., 2014). hsa-miR-22 has also been 

seen to have an inhibitory role in clonogenic and anchorage-independent cell growth of some 

mesenchymal malignancies even at modest overexpression levels. Anchorage independent 

growth is an important criterion for initiating metastasis and hsa-miR-22 might act as a tumor 

suppressor in STS as well.  

Comparative genomic hybridization (CGH) studies on copy number in LIPO-DD and 

LIPO-PLEO have revealed gain in copy number of oncogenes, notably ESR1 (Estrogen 

receptor 1), a receptor in estrogen signaling (Fritz et al., 2002). Owing to the important role of 

this signaling in proliferation and differentiation, ESR1 can be assumed to play a role in STS 

metastasis by mediating its effect on FOS, the proto-oncogene which has been implicated as 

regulators of cell proliferation, differentiation, transformation, and metastasis. Additionally, 

clinical studies have revealed that more than half cases of human osteosarcomas analyzed are 

c-fos positive and are associated with high relapse frequency and poor chemotherapeutic 

response. 

Tumors included in STS are relatively more chemotherapeutic resistant than other 

sarcomas (Reed and Altiok, 2011). Therefore, it is important to identify regulators modulating 

chemotherapeutic sensitivity and resistance. We observed that all of the 12 significant paths 

we identified end with TP53→hsa-miR-215→TYMS. Thymidylate synthase (TYMS) 

catalyzes dUMP→dTMP and is the sole intracellular de novo source of thymidylate, an 

essential precursor for DNA biosynthesis and a target of the most widely used 

chemotherapeutic agents like TDX against gastrointestinal malignancies (Ju, 2012). hsa-miR-
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215 on the other hand has been seen to play an important role in tumor chemoresistance in 

osteosarcoma (Song et al., 2010). Song and his colleagues showed that although hsa-miR-215 

directly targeted TYMS, chemoresistivity towards TDX was solely due to hsa-miR-215 

mediated downregulation of denticleless gene (DTL) and not because of TYMS. They 

demonstrated that hsa-miR-215 suppressed DTL, the destabilizing factor of TP53 to promote 

TP53 stabilization and subsequently inhibit cell growth and cause cell cycle arrest in the G2 

phase. J. Ju then independently suggested the presence of a positive feedback loop between 

hsa-miR-215 and TP53 mediated via downregulation of DTL (Ju, 2012). Our microarray 

analysis showed upregulation of both DTL and TYMS around 7 folds and downregulation of 

hsa-miR-215 around 11 folds in all STS subtypes. Being the crucial down-stream regulatory 

pair, hsa-miR-215 and TYMS co-expression was additionally analyzed using correlation 

analysis which revealed them to be significantly negatively co-related (Fig 3.9C). We further 

validated their expression using qRT-PCR in metastatic fibrosarcoma cell line, HT1080 and 

found upregulation of TYMS and downregulation of hsa-miR-215 (Fig 3.10A, 3.10B). Based 

on previous literature studies showing hsa-miR-215 targeting TYMS, their negatively co-

related expression patterns is sarcoma and presence of an 8-mer binding site of hsa-miR-215 

in the 3/UTR of TYMS, we hypothesize that hsa-miR-215 target TYMS in STS metastasis. 

The downregulation of hsa-miR-215 might be resulting in the upregulation of TYMS in STS. 

TYMS has also been previously implicated in metastasis of carcinomas (White et al., 2011). 

Moreover, the KM analysis using sarcoma gene expression data of TCGA revealed that 

patients with high expression of TYMS have low survival rate (Fig 3.10C). Overall, we can 

hypothesize TYMS and hsa-miR-215 as potential candidate for prognostic indicator of 

chemotherapeutic benefits in STS metastasis. This can be further investigated to elucidate 

TYMS upregulation mediated metastasis and chemosensitivity via hsa-miR-215 regulation. 

Fig 3.11 gives a hypothesis on how TYMS can be targeted by a combination of 

chemotherapeutic drugs and miR-215 mimics in STS that can lead to TYMS inhibition. 

TYMS inhibition in turn will lead to imbalance in the nucleotide pool of dTMP, which is 

crucial for DNA replication and repair and thus lead to DNA damage of cancerous cells.  
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Figure 3.11. Hypothesis on targeting TYMS using a combination of miR-215 and 

chemotherapeutic drugs in STS 

From the predicted regulatory cascades of 15 nodes (Fig. 3.8), it was observed that 

MYC regulation mediated by either BMP2 via hsa-miR-24 or AP2 TF formed the up-stream 

molecules of all pathways, which might play a crucial role in STS metastasis progression. The 

activation of BMP2 and AP2 TF might cause the induction of cascade effect and can lead to 

de-regulated expression of the down-stream molecules and their targets. The role of these 

molecules in oncogenesis and metastasis in other sarcomas has been reported (Fadare et al., 

2011; Yang et al., 2001). Moreover, hsa-miR-24 has an unexplored potential of being a tumor 

suppressor in STS metastasis which can further modulate the regulatory cascade. As described 

above, our predicted path indicates that MYC regulates its targets in STS metastasis via 

regulating different miRNAs, thus making MYC a potential candidate for targeted therapies.  

Our method of uncovering paths can be implemented to delineate critical regulatory 

cascades in other disease systems to unveil the complex TF-miRNA-gene regulatory 

relationships. However, further validation by biological experiments of the potential 

regulations is warranted for confirming their role in other diseases and more specifically in 

metastasis of STS of this study. Even though our study provides a comprehensive landscape 

of TF-miRNA regulatory network in STS metastasis, recent reports about novel crosstalks 
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among the diverse RNA species like mRNAs and other non-coding RNAs indicate that there 

remain more dynamic regulations to be considered. One such promising intricacy involves 

interplay among competing endogenous RNAs (ceRNAs) and target RNAs, wherein ceRNAs 

regulate them by competing for shared miRNA response elements (MREs). Incorporating this 

novel crosstalk among the varied classes of RNAs in generating regulatory network will lead 

to a significant gain in understanding of their role in the development of STS and other 

cancers.  
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Abstract 

Soft tissue sarcomas (STS) are a heterogeneous group of rare tumors with high metastatic 

potential. There being only a handful of publication on metastasis of STS, we investigated the 

miRNA mediated target gene regulations in modulating the metastatic processes in this 

cancer. In this study, we amalgamated gene and miRNA expression profiles of high-grade 

STS samples with miRNA target predictions and identified miR-429 targeting KIAA0101 as a 

novel pair, which remain unexplored in STS metastasis. We validated their expression in 

metastatic fibrosarcoma cell line, HT1080 and performed several functional assays using 

miRNA mimics and KIAA0101 over-expression vector to confirm their role in metastasis. We 

observed miR-429 is downregulated in HT1080 cells and acting as an anti-metastatic miRNA 

that inhibited proliferation, migration and anchorage independent growth by de-repressing 

KIAA0101. Moreover, the renilla luciferase reporter assay confirmed that miR-429 targets 

KIAA0101 by binding to its 3/UTR and influence its expression. Overexpression of 

KIAA0101 was also found to be associated with poor survival in STS patients. Taken 

together, our work demonstrated miR-429 mediates deregulation of KIAA0101 by acting as 

an anti-metastatic miRNA that targets KIAA0101 pro-metastatic gene during metastasis of 

STS. 

Keywords: miR-429; KIAA0101; STS; metastasis; gene expression. 
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4.1 Introduction 

Soft tissue sarcomas (STS) are a group of rare heterogeneous cancers of mesenchymal tissues 

consisting of more than 50 histological subtypes and account for ~1% of all malignant tumors 

(Varshney and Subramanian, 2015). The prognosis of STS depends on its grade rather than 

their histological type that makes them distinct from other cancer types (Leong et al., 2006). 

Most of the STS follow the hematogenous route of dissemination to spread to the lungs 

except angiosarcoma and epitheloid sarcoma that might spread to regional lymph nodes 

(Pennacchioli et al., 2012). Regardless of the advancement in understanding of STS, treatment 

options are stagnant for the past few decades because of their rarity, genetic complexities, and 

late diagnosis. They are also notorious for their ability to metastasize early. The most 

developed treatment option includes surgical resection and adjuvant-chemotherapy to which 

they respond poorly, leading to local recurrence and distant metastasis. New treatment 

procedures like targeted therapies and development of diagnostic markers need to be 

augmented for tackling of this early metastatic cancer possibly by harnessing the potential of 

miRNAs.  

miRNAs, an essential class of small non-coding RNAs have gained much interest as 

post-transcriptional regulators of a wide array of biological processes like cell proliferation, 

differentiation, apoptosis and fine tuning of these pathways (Samantarrai et al., 2013). 

Numerous studies have provided evidence of their deregulated expression in cancer cells, 

their differential expression pattern among different cancer types and their involvement in 

altered oncogenic processes (Blenkiron et al., 2007; van Schooneveld et al., 2012). miRNAs 

directly bind to messenger RNAs (mRNAs) and triggers mRNA degradation, destabilization, 

or translational inhibition (Macfarlane and Murphy, 2010). In recent years, miRNAs have 

shown encouraging results as potential biomarkers in many sarcoma types (Fujiwara et al., 

2015; Fujiwara et al., 2014). Several studies are being undertaken to target these miRNAs 

which is essential for development of enhanced therapies for various human sarcomas 

(Varshney and Subramanian, 2015). For example, miR-221 and miR-222 that target KIT 

oncogene were found to be downregulated in gastrointestinal stromal tumor (GIST) cells, a 

type of STS leading to KIT overexpression by two independent groups, suggesting their 

potential therapeutic role (Felli et al., 2005; Subramanian et al., 2008). Similarly, miRNA 
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regulators of myogenesis such as miR-1 and miR-133a/b, were found to be significantly 

overexpressed in Leiomyosarcoma (LMS), indicating their potential role in therapeutics 

(Chen et al., 2006; Subramanian et al., 2008). Over the years, gene and miRNA expression 

profiling have been utilized largely for identification of the underlying mechanism of a 

disease. Till date, there is only a handful of miRNAs reported in STS metastasis. It includes 

miR-520c and miR-373, which were reported to be pro-metastatic in fibrosarcoma, and 

upregulated the expression of matrix metallo-proteinases (MMPs) by targeting mTOR and 

SIRT1 (Liu and Wilson, 2012). Another study on fibrosarcoma metastasis by Weng et al. 

demonstrated that miR-409-3p silenced angiogenin (ANG) expression and inhibited tumor 

growth, vascularization, and metastasis through both in vitro and in vivo studies (Weng et al., 

2012). Recently, miR-182 was found to be markedly upregulated in metastatic primary mouse 

sarcoma model that metastasize to lungs as compared to non-metastatic sarcoma (Sachdeva et 

al., 2014). 

In the present study, we analyzed gene and miRNA expression profiles of five and six 

high-grade STS subtypes respectively from GEO database (ncbi.nlm.nih.gov/geo/) with an 

aim to find candidate miRNA-target pairs that might be playing a role in STS metastasis. 

Since most STS are derived from a mesodermal cell origin, their biological activity is similar 

for almost all cell types. Thus, these groups of tumors have always been discussed as a whole 

for the purpose of diagnosis and management (Beck et al., 2010; Lewis and Brennan, 1996). 

So, we considered different subtypes of sarcomas as a whole in our analysis. From our in 

silico expression analysis, we found hsa-miR-429 and KIAA0101 that are downregulated and 

upregulated in STS respectively as a novel miRNA-mRNA target pair, which needs to be 

investigated further. Intriguingly, miR-429, a member of the miR-200 family of miRNAs is 

reported to be downregulated and function as a tumor suppressor in gastric, breast, oral cancer 

and osteosarcoma  (Lei et al., 2015; Liu et al., 2014; Sun et al., 2011; Uhlmann et al., 2010). 

On the other hand, this miRNA was seen to be upregulated in bladder cancer and endometrial 

cancer (Han et al., 2011; Snowdon et al., 2011), which indicates it behave differently in 

different types of cancer.  

KIAA0101 gene first identified as p15PAF (proliferating cell nuclear antigen [PCNA] 

associated factor) has been reported to be an APC⁄ C-regulated protein involved in cell cycle 
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progression, DNA repair and DNA damage response (Emanuele et al., 2011). Its 

overexpression was found to protect cells from UV-induced cell death (Turchi et al., 2009; 

van Bueren et al., 2007). Further, it has been seen to promote the transformation of mouse 

fibroblast NIH3T3 cells into tumor cells in vivo (Hosokawa et al., 2007) and involved as a 

marker in relapse of gastric cancer (Zhu et al., 2013). Our study showed hsa-miR-429 is 

playing an anti-metastatic role in STS by targeting KIAA0101 pro-metastatic gene and 

thereby regulates metastatic characteristics like proliferation, migration, and anchorage 

independent growth in STS.  

4.2 Material and methods 
4.2.1 Gene and miRNA expression analysis  

A comprehensive analysis of gene expression profiles of five major subtypes of STS and 

miRNA expression profile of six subtypes of STS was performed to obtain a common set of 

differentially expressed (DE) genes and miRNAs of STS. The GEO datasets used for this 

purpose include GSE21122 (Human Genome U133A Affymetrix platform) and GSE36982 

(Illumina platform). GSE21122, the mRNA microarray dataset is comprised of 158 samples 

including 9 normal fats as control and 149 samples of five major subtypes of STSs 

(Leiomyosarcoma (LMS), myxoid/round-cell liposarcoma (LIPO-MRC), dedifferentiated 

liposarcoma (LIPO-DD), Myxofibrosarcoma (MFS) and pleomorphic liposarcoma (LIPO-

PLEO)). miRNA array data of GSE36982 included 58 samples of six different STS subtypes 

(LMS, LIPO-PLEO, LIPO-MRC, LIPO-DD, MFS and malignant fibrous histiocytoma 

(MFH)) and 2 normal fat samples as control. Both the data sets were analyzed using 

GeneSpring GX 12.6 software (Agilent Technologies). The robust multi-chip averaging 

algorithm was used for background correction with subsequent baseline normalization of the 

log-summarized values for each probe set. Pre-processing of data included gene level 

expression analysis in GeneSpring wherein if multiple probesets correspond to the same gene, 

then the intensity values of these probesets were averaged. The data were then filtered to 

remove probesets with lowest 20 percentile of all intensity values. For miRNA expression 

analysis, data was normalized using quantile normalization and filtered using flags. The 

subsequent analysis steps were same for both mRNA and miRNA, wherein the data were 

subjected to ANOVA analysis, incorporating the Benjamini-Hochberg FDR multiple testing 
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corrections with p-value < 0.05. The probesets were further filtered on the basis of fold 

change (FC) cut-off of 2.0, a standard criterion for differential expression analysis to obtain 

significantly DE genes and miRNAs. The probesets for each expression value were then 

mapped to Entrez gene ID for further analysis. 

4.2.2 Functional analysis of DE genes and miRNAs 

The DE mRNAs and miRNAs obtained from microarray analysis were studied for their 

involvement in different biological processes using MetacoreTM (Thomson Reuters). The 

genes and miRNAs, which were enriched in biological processes such as proliferation, 

migration, invasion and angiogenesis, were selected for further analysis.  

4.2.3 miRNA-mRNA networking and target pair prediction 

In silico target prediction analysis was carried out using MAGIA² web tool (Bisognin et al., 

2012). The tool integrates almost all target prediction algorithms (along with Boolean 

combinations) with miRNA and gene expression profiles to enhance the uncovering of 

miRNA–mRNA relationships with functional measures like correlation and mutual relation. 

Since we used mRNA and miRNA data that were generated from similar samples, a Meta-

analysis was carried out where p-value of differential expression was calculated using 

LIMMA (Linear models for microarray data). miRNA and gene expression profiles are 

combined for identifying contrasting variable miRNA-gene pair using inverse chi-square 

distribution. The tool also gives an idea about whether a miRNA–mRNA pair is validated 

experimentally or not. The DE miRNAs and mRNAs along with their normalized intensity 

values obtained from GeneSpring GX 12.6 was used as input for the tool. The miRNA-gene 

networks were visualized using Cytoscape (Saito et al., 2012).  

4.2.4 Survival analysis  

To investigate the role of KIAA0101 expression in survival, Kaplan-Meyers (KM) analysis 

was carried out. The KM plot was drawn using OncoLnc, which is a tool for plotting survival 

data from The Cancer Genome Atlas (TCGA) project (Anaya J., 2016). 
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4.2.5 Plasmid construction 

For KIAA0101 overexpression, we cloned its cDNA sequence into pcDNA3.1 vector which 

was a kind gift from Dr. H.H. Krishnan, Senior Scientist of CCMB, Hyderabad. For miRNA 

target validation, full-length 3/UTR sequence of KIAA0101 obtained from UTRdb was cloned 

into psiCHECK-2 vector (a kind gift from Dr. Beena Pillai, IGIB, New Delhi) containing both 

Renilla luciferase and firefly luciferase. The UTR is cloned into the multiple cloning sites 

downstream of Renilla translation stop codon considering Renilla luciferase as the primary 

reporter gene.  

4.2.6 Cell culture and reagent 

HT1080 fibrosarcoma cell lines and HEK293 were obtained from NCCS, Pune, India and 

cultured in DMEM medium (Himedia) supplemented with 10% fetal bovine serum (FBS) 

(Gibco), 2mM L-glutamine, 1% penstrep antibiotic solution (Himedia). Normal human lungs 

fibroblast cells IMR-90-tert (IMR-90 cells with telomerase to maintain viability) was a kind 

gift from Dr. Shweta Tyagi, CDFD, Hyderabad and WI-38 was a gift from Dr. Zhumur 

Ghosh, Bose Institute, Kolkata. IMR-90-tert and WI-38 were grown in EMEM, 10% FBS and 

1% penstrep antibiotic solution. 

4.2.7 RNA isolation and quantitative real-time PCR (qRT-PCR) 

For quantifying the expression of KIAA0101 gene, total RNA was isolated from cells using 

Qiagen RNA isolation kit following manufacturer’s protocol and cDNA was prepared using 

SuperScript first-strand cDNA synthesis kit (Invitrogen). qRT-PCR was performed using 

SYBR green master mix (Thermoscientific) in Eppendorf Master Cycler Realplex. Beta-actin 

was used as an endogenous control. For hsa-miR-429, miRNA enriched fraction was isolated 

using mirVana miRNA isolation kit (Ambion, USA). NCode VILO cDNA synthesis kit and 

Express SYBR Green (Invitrogen) was used for quantification of the miRNA. Primer for hsa-

miR-429 was designed by taking the complete, mature sequence of the miRNA from 

miRBase (Kozomara and Griffiths-Jones, 2014). Small RNA U6 was used as an endogenous 

control for miRNA quantification. Expression was plotted as fold change between test and 

control after internal control correction. Each experiment was repeated thrice. Primer 

sequence used for qRT-PCR study is given in table 4.1. 
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Table 4.1 List of primers used for qRT-PCR 

Gene/miRNA  Primer Sequence 

β-Actin 
F CATGTACGTTGCTATCCAGGC 
R CTCCTTAATGTCACGCACGAT 

KIAA0101 
F ATGGTGCGGACTAAAGCAGAC 
R CCTCGATGAAACTGATGTCGAAT 

U6 
F CTCGCTTCGGCAGCACATATACT 
R ACGCTTCACGAATTTGCGTGTC 

hsa-miR-429 
F CGGCGTAATACTGTCTGGTAAAACCGT 
R Universal reverse primer for miRNA 

 

4.2.8 Immunofluorescence 

Immunofluorescence was performed to see the localization of KIAA0101 in HT1080 and 

IMR-90 tert cells. The cells were seeded in a 24 wells plate and 24 hrs post seeding, cells 

were cells were ready for immunofluorescence. The media was removed and the cells were 

washed thrice with 1X PBS. Cells were then fixed with 3.7% formalin solution in 1X PBS for 

20 mins at room temperature. Fixed cells were rinsed/washed again with 1X PBS three times 

for 5 mins each and then permeabilized with 0.3% Triton X-100 in 1X PBS (PBST) for 30 

mins. After permeabilization, cells were blocked with 1% BSA in PBST with 0.03% Triton 

X-100 for 30 mins, followed by 1X PBS washes and then incubated with primary antibody 

solution (1:1000) at 4ºC overnight. The cells were then washed three times with 1X PBST and 

incubated with DyLight-488 conjugated anti-rabbit antibody (Abcam) for 1 hr. Cells were 

washed with 1X PBST five times for 1 hr and treated with DAPI in 1X PBS (1:250) for 10 

mins. Finally, cells were washed three times with 1X PBS, and observed using fluorescence 

microscope (Olympus IX71). 

4.2.9 Transfection with miRNA/plasmid 

For transfection, the cells were plated at 2×105 cells/well in a 6-well plate or 5000-10000 

cells/well in a 96 well plate approximately 24 hrs before transfection. The cells were then 

transfected with hsa-miR-429 mimics/scramble (Sigma) at 40nM concentration and/or 

plasmid using Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. 
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Transfection efficiencies were evaluated by qRT-PCR 24 hrs later to confirm that cells were 

actually transfected. For western blot assays, luciferase activity, cells were harvested 48 hrs 

after transfection. 

4.2.10  Proliferation assay 

Cell proliferation was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) reduction assay. Logarithmically growing HT1080 cells were seeded (5×103 

cells per well) in triplicate in a 96-well plate with complete growth medium. 24 hrs after 

seeding, cells were transfected with 40nM of hsa-miR-429 mimics and/or 100ng of 

KIAA0101 overexpression vector. Cells were incubated in the presence of mimics for 0, 24, 

48 and 72 hrs and then incubated for 4 hrs in the presence of 100 µl of 0.8mg/ml MTT 

solution (Sigma). DMSO was added (100µl/ well) and OD was measured at 570nm using a 

micro-plate reader spectrophotometer (PerkinElmer, Walthman, MA, USA). Scramble was 

used as the control. The assay was performed three times. 

4.2.11  Western Blot 

miRNA mimic and scramble transfected samples were lysed in RIPA buffer along with 

protease inhibitor. BCA protein assay kit (Thermo) was used to determine the protein 

concentration. Protein was separated via 12% sodium dodecylsulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred onto PVDF membranes using wet transfer 

apparatus (Bio-Rad). The membrane was blocked with 5% non-fat dry milk in TBST 

containing 0.1% Tween-20 for 2 hr, and then incubated overnight at 4ºC with primary mouse 

monoclonal antibodies from Abcam (anti-KIAA0101 and beta-actin, at 1:1000 and 1:2500 

dilution). Secondary antibodies conjugated to horseradish peroxidase (HRP) were diluted 

1:3000 and blots were incubated for 1 hr at room temperature. Blots were then washed with 

TBST and chemiluminescence was detected using standard enhanced chemiluminescence 

(ECL) as substrate (Abcam). 

4.2.12  Luciferase reporter assay 

Target validation was carried out using psiCHECK-2 vector containing wild-type (WT)-

KIAA0101 3/UTR sequences or mutant (MUT)-KIAA0101 3/UTR sequences. HEK293 cells 
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seeded (10000 cells/well) in a 96 well plate were co-transfected with hsa-miR-429 

mimic/miR-negative control mimics and WT-KIAA0101-3/UTR vector/MUT-KIAA0101-

3/UTR vector. Luciferase activities were measured with the Dual-Luciferase Assay Kits 

(Promega) according to manufacturer’s instructions 24 hrs after transfection using 

Luminometer (Promega), and the experiment was done in duplicates and repeated thrice.  

4.2.13  Wound-healing assay 

HT1080 cells were seeded in 6-well plates to form a monolayer and then they were 

‘‘wounded’’ by removing a line of cells with a 200µl tip. After washing with medium, the 

wound areas were photographed under a microscope. The cells were grown in medium with 

low serum to inhibit migration due to proliferation. Migration was monitored at 0 and 24 hrs 

post-treatment. 

4.2.14  Soft agar colony formation assay 

Soft agar plates were prepared in 60 mm dishes with a bottom layer of 0.5% agar in DMEM. 

5000 cells that were transfected with miRNA mimic were trypsinized 12 hrs post transfection 

and mixed with 0.3% agar in DMEM. Dishes were incubated in a 37°C incubator for 2 weeks. 

The number of colonies formed was counted after staining with 0.05% crystal violet for 1 hr 

and washed carefully and extensively with 1X PBS. 

4.2.15  Co-expression analysis  

Correlation analysis was performed to measure KIAA0101 gene co-expression with other 

STS metastasis markers like KI-67 antigen and TYMS using ChiPBase V2.0 tool (Yang et al., 

2013). The tool helps in exploring the pattern of co-expression between TFs and genes and 

among genes. Pearson correlation coefficient (r) is used to determine the correlations and their 

significance is calculated using student’s t-test.   

4.2.16  Statistical analysis 

All data are presented as the mean ± SEM.  The experimental results were analyzed using 

Student’s t-test using GraphPad. P < 0.05 was considered as the level of significance when 

comparing values from treatments to those of the control. 
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4.3 Results  
4.3.1 DE mRNAs & miRNAs in STS 

Microarray analysis of the two data sets using GeneSpring GX 12.6 (Agilent Technologies) 

resulted in 343 common DE mRNAs and 250 common DE miRNAs in STS, with p < 0.05 

and fold change > 2.0 (Fig 4.1A, 4.1B).  

 

Figure 4.1. Differential expression analysis of genes and miRNAs in high-grade STS (A) 

Common DE genes in high-grade STS. (B) Common DE miRNAs in high-grade STS. 

4.3.2 miR-429-KIAA0101 target pair selection 

MAGIA² web tool was used for in silico target prediction using the DE upregulated genes and 

downregulated miRNAs as well as downregulated mRNAs and upregulated miRNAs. The 

workflow is briefly given in Fig 4.2A. We used target scan prediction algorithm integrated 

within MAGIA which identifies sequence complementarity with conservation. It combined 

the gene and miRNA expression profiles given as input and predicted 24 pairs of miRNA 

target pairs of which none of them were experimentally validated (Table 4.2) (Fig 4.2B). The 

24 pairs were from the DE upregulated genes and downregulated miRNAs set only, whereas 

the downregulated mRNAs and upregulated miRNAs did not give any significant result. 

Among these pairs, hsa-miR-429-KIAA0101 was found to be a novel pair with the most 

significant q-value (q=1018e-12). Moreover, cross verification with our functional analysis 

data from MetacoreTM and literature studies showed KIAA0101 and hsa-miR-429 to be 

A B 
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involved in various metastatic processes like proliferation, migration, and invasion, which 

channelized our focus to study this miRNA-target pair further. We found hsa-miR-429 has a 

canonical 8-mer binding site in 3/UTR of KIAA0101, which is known as the utmost potential 

miRNA binding site (Fig 4.2C).  

Table 4.2 miRNA-target pairs obtained from Magia2 analysis  

miRNA Target gene Validated experimentally q-value 
hsa-miR-429 KIAA0101 NO 1.23E-13 
hsa-miR-429 S100PBP NO 6.27E-13 
hsa-miR-520e FMR1 NO 6.27E-13 
hsa-miR-301b RACGAP1 NO 6.27E-13 
hsa-miR-302e DNAJC9 NO 6.27E-13 
hsa-miR-302e FMR1 NO 6.27E-13 
hsa-miR-301b FMR1 NO 6.27E-13 
hsa-miR-429 TUBB NO 6.27E-13 
hsa-miR-520e DNAJC9 NO 6.74E-13 
hsa-miR-301b SOX4 NO 2.14E-12 
hsa-miR-520d-3p FMR1 NO 5.25E-12 
hsa-miR-520d-3p DNAJC9 NO 5.81E-12 
hsa-miR-613 ANP32E NO 2.39E-09 
hsa-miR-217 ZIC1 NO 2.39E-09 
hsa-miR-1297 S100PBP NO 2.53E-09 
hsa-miR-1297 CKS2 NO 2.98E-09 
hsa-miR-1297 TMEM194A NO 2.98E-09 
hsa-miR-613 SNAI2 NO 4.61E-09 
hsa-miR-613 HMGN1 NO 5.78E-09 
hsa-miR-217 LUC7L3 NO 1.57E-08 
hsa-miR-1 ANP32E NO 1.46E-06 
hsa-miR-1 SNAI2 NO 3.38E-06 
hsa-miR-1 HMGN1 NO 4.26E-06 
hsa-miR-1297 COL1A2 NO 7.60E-05 
     

C 
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Figure 4.2. miRNA-mRNA target pair prediction (A) Workflow for finding miRNA-mRNA 

interactions. (B) Target interaction map generated through Magia2 and visualized using 

A 

B 
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Cytoscape. (C) The binding site of hsa-miR-429 has a canonical 8-mer binding site in 3/UTR 

of KIAA0101. 

4.3.3 hsa-miR-429 is downregulated and KIAA0101 is upregulated in STS  

To define the role of hsa-miR-429 and its target KIAA0101 in STS, we checked for their 

expression in fold change from our microarray analysis of high-grade STS and found hsa-

miR-429 to be highly downregulated (minimum 6 fold) and KIAA0101 to be highly 

upregulated (minimum 5 fold) in all subtypes of STS (Fig 4.3A). Further, the effect of 

KIAA0101 expression on survival of seven different subtypes of sarcoma from TCGA data 

was analyzed, and its higher expression was seen to be significantly correlated with decreased 

survival (Fig 4.3B).  

The expression levels of hsa-miR-429 and KIAA0101 was further analyzed by qRT-

PCR in HT1080 fibrosarcoma cell line. hsa-miR-429 expression in HT-1080 was seen to be 

significantly downregulated as compared to IMR-90-tert and WI-38 normal lungs fibroblast 

cells lines (Fig 4.3C). KIAA0101 expression in HT1080 cell line was found to be 2.8 fold and 

3.2 fold upregulated as compared to normal cell lines (Fig 4.3D). hsa-miR-429 

downregulation and KIAA0101 upregulation from array data analysis and qRT-PCR analysis 

further hinted towards the probable role of hsa-miR-429 in regulating KIAA0101, as there are 

no reports of their direct link in STS. To evaluate our hypothesis of the involvement of hsa-

miR-429-KIAA0101 target interactions in metastatic process of STS, we performed several 

experiments in vitro. 

 

A KIAA0101 hsa-miR-429 
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Figure 4.3. Expression analysis of hsa-miR-429 and KIAA0101 (A) KIAA0101 and hsa-miR-

429 expression in fold change as obtained from microarray analysis using GSE21122 and 

GSE36982 data respectively. (B) Overall survival is analyzed by KM plot for all subtypes of 

sarcoma in TCGA database taken together. The higher expression is seen to be correlated with 

D 

B 

C hsa-miR-429 hsa-miR-429 

KIAA0101 KIAA0101 

Kaplan-Meyer plot for KIAA0101 in SARC  
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lower survival (p=0.0449). (C) qRT-PCR expression analysis of hsa-miR-429 in HT1080 

fibrosarcoma cell line as compared to two normal cells lines- IMR-90-tert and WI-38. (D) 

qRT-PCR expression analysis of KIAA0101 in HT1080 as compared to two normal cells 

lines- IMR-90-tert and WI-38. KIAA0101 and hsa-miR-429 is normalized to 1 in normal cell 

lines. 

4.3.4 In vitro analysis of expression of KIAA0101 by immunofluorescence  

Expression of KIAA0101 protein was analyzed using immunofluorescence in HT1080 

fibrosarcoma and IMR-90-tert normal fibroblast cell lines. 24 hrs post seeding, the cells were 

fixed, blocked, incubated with primary antibody against KIAA0101 overnight and then 

DyLight-488 -conjugated secondary antibody. In HT1080 cell line, KIAA0101 was found to 

be overexpressed in the nucleus as compared to cytoplasm, even though the cytoplasmic 

expression is also seen. Also, an enhanced expression of KIAA0101 in HT1080 is evident as 

compared to the control cell line (Fig. 4.4). Collectively, this data indicated stronger nuclear 

expression of KIAA0101 protein in sarcoma cell lines as compared to normal fibroblasts.  

 

Figure 4.4. Immunofluorescence imaging of KIAA0101 protein expression in HT1080 and 

IMR-90-tert cells   
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4.3.5 hsa-miR-429 suppresses STS development by targeting KIAA0101  

To investigate the role of hsa-miR-429 in STS, we elevated the expression of hsa-miR-429 in 

HT1080 by its mimics transfection. The effectiveness of transfection was verified by qRT-

PCR where we found hsa-miR-429 to be 62 fold upregulated compared to scramble (Fig 

4.5A). After hsa-miR-429 mimics transfection, cellular proliferation was checked by MTT 

assay, and we found that upregulation of hsa-miR-429 inhibited HT1080 cell proliferation as 

compared to cells transfected with scramble (Fig 4.5B). To analyze if hsa-miR-429 affected 

wound healing by targeting KIAA0101, we constructed pcDNA3.1- KIAA0101 expression 

vector and transfected HT1080 cells with both hsa-miR-429 mimic and KIAA0101 

overexpression vector and found KIAA0101 overexpression to significantly attenuate the 

suppressive effects of hsa-miR-429 in STS cells (Fig 4.5B).  We further investigated whether 

hsa-miR-429 could inhibit migration of HT1080 cell lines. Using wound healing/scratch 

assay, we found that hsa-miR-429 overexpression using mimic could dramatically reduce 

migration of the cells, whereas KIAA0101 re-expression reduced this inhibition (Fig 4.5C, 

D). The assay done in low serum ensured that the migration was not affected by proliferation. 

To further analyze if hsa-miR-429 affected anchorage independent growth, we performed soft 

agar colony forming assay. We found that scramble transfected cells demonstrated nearly 4 

fold high colony formations in soft agar medium as compared to mimic transfected cells and 

this inhibition of anchorage independent growth by miR-429 was reduced by KIAA0101 

overexpression (Fig 4.5E).  

 

A 
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Figure 4.5. hsa-miR-429 suppresses proliferation, wound healing and colony formation in 

HT1080 cells by targeting KIAA0101 (A)  qRT-PCR analysis of hsa-miR-429 expression 

post hsa-miR-429 mimic transfection at 40nM concentration to test the effectiveness of mimic 

transfection. (B) Cell were transfected with hsa-miR-429with/without KIAA0101 over-

expressing vector and proliferation of HT1080 cells measured at different time points (0, 24, 

48, 72 hrs) post treatment. (C, D) Wound healing measured 0 and 24 hrs post-treatment. (E) 

Soft agar assay to measure colony formation after 14 days of treatment. 

4.3.6 KIAA0101 is a direct target of hsa-miR-429  

To validate if KIAA0101 was a target of hsa-miR-429, we quantified its expression at both 

mRNA and protein level after hsa-miR-429 mimic treatment. We found KIAA0101 mRNA to 

be downregulated 2.9 fold post mimic treatment (Fig 4.6A). Its expression was analyzed at the 

protein level and observed similar result (Fig. 4.6B). To perform luciferase reporter assay for 

validating whether hsa-miR-429 physically interacts with KIAA0101 mRNA, we constructed 

two vectors by cloning wild type (WT) and mutated (MUT) 3/UTR into psiCHECK2 vectors 

(Fig. 4.6C). We performed luciferase reporter assay by co-transfecting HEK293 cells with 

scramble or hsa-miR-429 mimics and WT-KIAA0101-UTR or MUT-KIAA0101-UTR 

luciferase vectors (Fig. 4.6D). After 24 hrs of transfection, luciferase activity was measured 

for 20nM, 40nM and 60nM of miR-429 mimics. For 40nM and 60nM, a significant reduction 

in luciferase activity was observed, whereas no distinct expression was noted in mutated 

D E 
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3/UTR vector as well as in hsa-miR-429 (60nM) co-transfected cells with control. However, 

both the types of cells (containing WT-KIAA0101-UTR or MUT-KIAA0101-UTR luciferase 

vectors cells) transfected with scramble exhibited no variation (Fig. 4.7D). 

4.3.7 Co-expression analysis  

We performed co-expression analysis of KIAA0101 along with some known STS metastasis 

markers like Ki-67, also known as MKI67 (Choong et al., 1994) and TYMS (Samantarrai et 

al., 2015). It was found that its expression was significantly positively correlated with both 

Ki-67 (r = 0.7701, p = 4.43e-53) and TYMS (r = 0.7743, p = 5.49e-54), indicating KIAA0101 

could be a potential marker of STS metastasis (Fig. 4.8).  

 

 

C 

A B 
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Figure 4.6. KIAA0101 is a direct target of hsa-miR-429 (A) KIAA0101 mRNA expression 
analysis by qRT-PCR post miR-429 mimic transfection. (B) KIAA0101 protein expression 
post miR-429 mimic transfection. (C) Two different luciferase vectors were constructed using 
psiCheck-2 vector- WT-KIAA0101-3/UTR and MUT-KIAA0101-3/UTR. Red color indicated 
the mutated bases in MUT-KIAA0101-3/UTR. (D) HEK293 cells were co-transfected with 
microRNA mimics and constructs with WT or MUT-KIAA0101-3/UTR. Relative luciferase 
activity was measured. Firefly luciferase was normalized to renilla luciferase activity.  

 

Figure 4.7. Co-expression analysis of KIAA0101 with other STS metastasis markers KI-67 

(MKI67) and TYMS 

D 
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4.4 Discussions  

With more than two decades since the first miRNA was discovered in 1993 (Lee et al., 1993), 

there have been only very few handful of studies on miRNAs in STS. Most of these studies 

are limited to only miRNAs expression profiling in high-grade STS and very few are 

dedicated to finding miRNAs in metastasis of STS. According to Human MicroRNA Disease 

Database (HMDD) and miRCancer databases which provide a collection of curated miRNAs 

from published literatures, there are around 30 studies on miRNAs in 8 different types of STS 

which includes fibrosarcoma, hemangiosarcoma, leiomyosarcoma, liposarcoma, 

rhabdomyosarcoma, chondrosarcoma, synovial sarcoma and other STSs (Li et al., 2014; 

Nuovo and Schmittgen, 2008; Sachdeva et al., 2014; Weng et al., 2012; Xie et al., 2013). 

Among these, there are barely any studies focusing on the metastasis aspect of STS which 

necessitates looking into regulators of metastasis in STS. 

In this study, we analyzed DE miRNAs and mRNAs of various primary high-grade 

STS types for metastasis analysis based on the fact that most of the human cancer types share 

a small number of cellular, molecular and biochemical traits which forms the basis of 

hallmarks of cancers. Another critical reason for considering primary high-grade STS is based 

on the studies which revealed that the expression signature of primary tumors can determine 

their propensity to metastasize (van 't Veer et al., 2002). Despite their heterogeneous nature, 

the STS subtypes must be sharing common features in their metastatic process. Therefore, we 

performed a comprehensive expression analysis of genes and miRNAs of major subtypes of 

high-grade STS to obtain a common set of DE genes and miRNAs. Using MAGIA² web tool, 

we performed in silico target prediction using the expression profiles of the common DE 

genes and miRNAs and obtained a novel miRNA-target pair, hsa-miR-429-KIAA0101 with 

the most significant q-value (q=1018e-12). Our microarray analysis revealed hsa-miR-429 to 

be highly downregulated and KIAA0101 to be highly upregulated in all STS subtypes as 

compared to normal fat, which indicated a tumor suppressive role of hsa-miR-429 mediated 

via regulation of KIAA0101 oncogene. Studies have revealed that downregulation of hsa-

miR-429 is significantly associated with tumor size, lymph node metastasis, and poor 

prognosis in colorectal and gastric cancer (Li et al., 2013; Sun et al., 2011). It has also been 

seen to inhibit colorectal carcinoma cells growth and invasion and regulates EMT-related 
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marker genes (Sun et al., 2014). Similarly, it is observed to inhibit EMT marker ZEB1 in oral 

cancer and osteosarcoma cells (Lei et al., 2015). The role of KIAA0101, the predicted target 

of hsa-miR-429 in metastasis is well established in different carcinomas, with no published 

studies on its role in sarcomas. Its overexpression is seen to promotes growth and invasion in 

adrenal cancer (Jain et al., 2011) and seen as a marker of recurrence in gastric cancer (Liu et 

al., 2014; Zhu et al., 2013). Its expression in hepatocellular carcinoma is correlated with 

enhanced metastatic potential (Yuan et al., 2007). 

With an abundance of literature supporting the role of hsa-miR-429 and KIAA0101 in 

metastasis of other cancers, we validated their expression in human metastatic fibrosarcoma 

cell line and normal fibroblasts cell lines. We showed for the first time that hsa-miR-429 is 

under-expressed and KIAA0101 is overexpressed in fibrosarcoma, a type of STS as compared 

to normal fibroblast cells by performing microarray analysis followed by the qRT-PCR study 

(Fig 4.3C, 4.3D). Importantly, we showed that hsa-miR-429 negatively regulated KIAA0101 

expression in fibrosarcoma cell line. The effect of overexpression of KIAA0101 on survival 

was assessed in seven different sarcoma subtypes. We found overexpressed KIAA0101 is 

correlated with decreased overall survival of patients indicating a poor prognosis of patients 

with high KIAA0101 expression (Fig 4.3B). 

We further investigated if hsa-miR-429 mediated its role in cell proliferation, 

migration, and anchorage-independent growth by targeting KIAA0101, we found hsa-miR-

429 to inhibit these processes in HT1080 metastatic fibrosarcoma cell line when 

overexpressed, but its inhibitory effects were significantly attenuated when KIAA0101 was 

overexpressed in the presence of hsa-miR-429 mimic (Fig 4.5). Anchorage-independent 

growth ability is known to enable tumor cells to migrate and invade nearby tissues and 

disseminate throughout the body giving rise to metastasis (Guadamillas et al., 2011). This 

suggested that downregulation of hsa-miR-429 in tumors may play a role in the development 

of metastatic fibrosarcoma by enhancing tumor cell proliferation, migration, and anchorage-

independent growth by targeting KIAA0101. Fig. 4.8 briefly outlines our conclusion. 

However, this needs to be confirmed further by in vivo studies and clinical analysis. 

Further, we found overexpression of hsa-miR-429 inhibited KIAA0101 gene 

expression at both mRNA and protein level. This confirmed hsa-miR-429 targets KIAA0101 
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and thereby regulated the processes of metastasis (Fig 4.6A, 4.6B). KIAA0101 as a direct 

target of hsa-miR-429 was further validated by using a reporter system which revealed that 

hsa-miR-429 specifically downregulates endogenous levels of KIAA0101 at the 

posttranscriptional level (Fig 4.6D). Additionally, co-expression with other STS metastasis 

markers which are usually upregulated during metastasis of STS like Ki-67 and TYMS (a 

marker hypothesized by our previous study to be involved in STS metastasis), showed 

significant positive correlation with KIAA0101 (Fig 4.7). Ki-67 is a well-known antigen 

associated with tumor grade and metastasis for many cancer including STS (Choong et al., 

1994). Thus, KIAA0101 overexpression correlated with Ki-67 is in accordance with studies 

that have previously shown KIAA0101 overexpression to be associated with survival and 

tumor grade of other cancers like liver cancer (Yuan et al., 2007), adrenal cancer (Jain et al., 

2011), gastric cancer (Zhu et al., 2013), etc.  

 

Figure 4.8. Highlight of our study showing hsa-miR-429 inhibits KIAA0101 and thus inhibits 

metastasis in STS 

In a nutshell, our study showed that KIAA0101 is involved in proliferation, migration 

and anchorage-independent growth of metastatic fibrosarcoma cells and hsa-miR-429 inhibits 

these processes by targeting KIAA0101 post-transcriptionally. We did not perform validations 

in sarcoma tissue samples, which is one of the important limitations of our study. Obtaining 

tumor tissue samples for the study was a difficult task for us, which is evident from the rarity 

of the tumors. Our laboratory would like to confirm our finding in a clinical sarcoma samples 

in future. 
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Abstract 

MicroRNAs are well known to regulate cancer metastasis by modulating mRNA translation 

or its stability or both. With the known complexity in metastasis, we took advantage of the 

4T1 mouse model of breast cancer to study crucial miRNAs involved in the metastasis 

process. From the miRNA expression analysis of tumors from 4T1 model, we identified miR-

31 as a potential metastatic miRNA, which exhibited enhanced expression in metastatic as 

compared to non–metastatic tumors. From our invasion assay, its overexpression was seen to 

increase the invasive power of non-metastatic 67NR cells and its inhibition leads to a 

reduction in the invasiveness of metastatic 4T1 cells. We performed in vitro target analysis by 

Ago2-IP which was combined with in silico analysis by target scan and IPA and identified 10 

potential targets of miR-31 with a role in breast cancer metastasis. We evaluated mRNA 

levels and acquired translation profiles of these 10 target genes from polysomal and sub-

polysomal fractions that were separated using sucrose density gradient. We found myosin 

heavy chain 9 (Myh9) to be repressed translationally along with a decrease in mRNA 

abundance and long chain acyl-CoA synthetase 4 (Acsl4) to be translationally repressed with 

no significant change in mRNA abundance by miR-31. Therefore, miR-31 can be 

hypothesized to mediate it pro-metastatic role by modulating the translation of Myh9 and 

Acsl4. Thus, our findings indicated a prospective pro-metastatic role of miR-31 in breast 

cancer metastasis, which mediates its role by regulating its targets at both transcriptional and 

translational level.  

Keywords: Breast cancer; miRNAs; metastasis; translational regulation; 4T1 metastatic 

mouse breast cancer model. 
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5.1 Introduction 

Breast cancer is one of the most common and leading causes of cancer-related deaths among 

women of all races worldwide. Despite the vast development in understanding the progression 

of breast cancer and therapeutic strategies, metastasis is still responsible for more than 90% of 

deaths in patients suffering from this neoplasm (Fouad et al., 2015). The survival and the 

prognosis of metastatic breast cancer is poor, thus making it the most daunting task for 

oncologists and researchers (Lu et al., 2009).  

 The metastatic process involves a multitude of steps starting from the escape of the 

tumor from the primary site, migration and invasion into local tissues, intravasation into 

vascular or lymphatic vessels, survival in circulation, extravasation by interaction and 

attachment to vascular endothelial cells at a distant site and finally colonization at the 

secondary site. The progression of cancer from an abnormal outgrowth to a metastatic tumor 

involves disruption of the close coordination between different regulatory molecules, such as 

miRNAs. Several studies have demonstrated the involvement of deregulated miRNA 

expression in cancer and its spread to distant sites through the process of metastasis (Aigner, 

2011; Rothe et al., 2011).  

 Evidence of the involvement of miRNAs in the pathogenesis of human breast cancer 

showed a new direction to detect and treat cancer in a better and safer way. The aberrant 

expression of miRNAs in human breast cancer was first reported in 2005 (Iorio et al., 2005). 

In recent years, their critical role as biomarkers for classification, diagnosis, prognosis, and 

treatment of breast cancer has also been established (Fu et al., 2011). The association of 

miRNAs in the development of breast cancer metastases was initially discovered by Weinberg 

and group in 2007, where they reported that miR-10b initiates invasion and metastasis (Ma et 

al., 2007). Thereafter, the involvement of many miRNAs such as miR-335, miR-373, miR-

520c and miR-136 in cell migration and invasion in breast cancer has been established 

(Huang et al., 2008; Tavazoie et al., 2008; Yan et al., 2016). Considering the intricacy of 

metastasis process, it is essential to exploit experimental models that represent each of the 

metastasis steps. Such models can be used to manipulate and study each of the steps of 

metastasis individually. We, therefore, used a mouse mammary tumor model (the 4T1 model), 
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where the tumor cell populations are engineered to represent the distinct biological steps of 

metastasis when they are implanted into mammary glands of BALB/c mice.  

The gene expression profiling has been largely utilized for identification of core 

mechanism of a disease through interactomics and network studies. Hence, we analyzed 

miRNA microarray data of 4T1 mouse model to identify key regulatory miRNAs. From the 

sets of differentially expressed miRNAs in the 4T1 model, we analyzed the expression of 

three miRNAs (miR-31, miR-27b, miR-145), which could distinguish the two metastatic 

tumors 4T1 and 4T07 from the non-metastatic 168FARN, and 67NR ones according to their 

regulation obtained from microarray analysis. We zeroed down to miR-31 after confirming 

expression by qRT-PCR to exploit its role in metastasis of breast cancer. miR-31 was reported 

to inhibit multiple steps of metastasis in an orthotopic model of breast cancer like invasion, 

anoikis, and colonization leading to a reduction in lung metastasis (Valastyan et al., 2009). Its 

downregulation was reported to be strongly correlated with metastasis and was established as 

a tumor suppressor miRNA in breast cancer (Valastyan et al., 2009a; Valastyan et al., 2010). 

However, the authors retracted these reports in 2015 (2015a; 2015b; 2015c). Surprisingly, our 

preliminary results from microarray of the 4T1 model indicating its role as a pro-metastatic 

miRNA, and its controversial role by Valastyan et al. made it a perfect candidate for studying 

its role in metastasis of breast cancer.  

Furthermore, it is known that miRNAs can mediate their function (i) by repressing the 

target gene expression translationally with simultaneous repression in mRNA abundance, (ii) 

by repressing translation with no change in abundance of mRNA or (iii) by changing the 

abundance of mRNA with little or no effect on translation (Eulalio et al., 2007; Wakiyama et 

al., 2007; Wu et al., 2008). Thus, we were intrigued to study how miR-31 regulates the 

expression of its metastatic target gene and identify those that are regulated at the translational 

level. We measured mRNA abundance and ribosome density of selected metastatic miR-31 

targets for this purpose and identified translationally regulated targets through which it 

mediates its metastatic function. This work was carried out in Prof. Stephan Vagner's RNA 

biology linked to DNA damage lab at Institut Curie and Gustave Roussy Institute. 
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Figure 5.1.  Workflow for identifying miRNAs and their targets in 4T1 mouse model of 

breast cancer.  

5.2 Materials and methods 
5.2.1 Cell culture and mice model 

The cell lines 67NR (which fails to leave the primary site of tumor), 168FARN (which 

reaches the regional lymph nodes but fail to produce nodules), 4T07 (which develop only 

micro-metastasis fail to grow any visible metastasis) and 4T1 (which give rise to macroscopic 

metastasis in lung, liver, bones and brain) of 4T1 model were provided kindly by Dr. F Miller 

(Michigan Cancer Foundation, Detroit, MI). They were grown in DMEM supplemented with 

10% fetal bovine serum (FBS) and incubated at 37°C in a humidified CO2 (5%) incubator. 

Cell supernatants were tested regularly to be free of mycoplasma by polymerase chain 

reaction (PCR) (Venor GeM Advance, Minerva Biolabs). For generating the mice model, 

cells were injected into three-month-old female BALB/c mice from Janvier Laboratory. 5 × 

105 cells from each cell line were harvested, rinsed in serum free medium, suspended in 

100µL of PBS and then injected into the fourth mammary fat pad of mice.  
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5.2.2 Tumor samples, RNA extraction and array hybridization 

The tumors were excised only when the size of primary tumor reached ~2 cm in each group. 

All tumor samples used showed the presence of more than 70% of tumor cells by pathological 

inspection. Very few stromal reactions such as fibrosis or inflammatory cell infiltrate were 

observed. For total RNA extraction from tumors and cell lines, Trizol chloroform extraction 

method was used. DNase I (Turbo DNA-free, Ambion) treatment was done for DNA 

degradation. The quality of RNA isolated was evaluated using a Bioanalyzer instrument 

(Agilent) and then was quantified using NanoDrop 1000 instrument (Thermo Scientific). 

Mouse v2 miRNA BeadChip (which has more than 95% coverage of miRBase v12.0) was 

used that can detect nearly 1146 known miRNAs. Labelling, hybridization, and processing of 

the data was done according to the manufacturer’s recommendations. In brief, using standard 

Illumina protocols, nearly 200ng of RNA was labeled and hybridized to each array. The 

BeadChips were scanned on an Illumina BeadArray reader. The experiment was performed 

thrice starting from cell injection to array hybridization 

5.2.3 Array data and statistical analysis 

Illumina Mouse v2 miRNA BeadChip was analyzed using standard protocol. Student's paired 

t-test was used to analyze the miRNA microarray data. The miRNAs obtained from this 

analysis with p-value cut-off < 0.05 and fold change (FC) ≥1.5 were considered significant. 

The hierarchical clustering of four tumor types, each in triplicate was carried out to cluster the 

normalized miRNA intensities and the samples using Mev4.0 software (http://www.tm4.org/).   

5.2.4 Oligonucleotide transfection 

Anti-miR-31 LNA, miR-31 mimics, negative control (NC) LNA and NC mimics was ordered 

from Exiqon. These are modified RNA molecules where the ribose moiety is modified with 

an extra connection between the 2' oxygen and 4' carbon which locks the ribose. They bind to 

miRNAs and inhibit its expression. The 4T1 cells were transfected with 20nM of miR-31 

mimics and 20nM of anti-miR-31 using Lipofectamine RNAi Max reagent (Invitrogen). 48 

hrs after transfection, cells were plated for invasion assays or harvested for polysome 

fractionation.  
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5.2.5 In vitro invasion assay  

Invasion assay was carried out using Boyden chambers where 1.5 x 105 transfected cells were 

seeded in the top chamber. In the assay, 4T1 cells were plated in the upper Boyden chamber 

without serum, whereas serum was used in the lower chamber as a chemoattractant. The cells 

were incubated for 24 hrs in the chamber and cells that migrated to the lower chamber after 24 

hrs were stained with Diff-Quick Staining Set (Dade) and counted.  

5.2.6 Polysomal fractionation and RNA isolation 

The polysomal and sub-polysomal fractions were separated using sucrose density gradient 

centrifugation. For fractionation, cells were first treated with 100µg/ml cycloheximide by 

adding in culture medium for 15 mins and incubated at 37°C. The cells were then 

immediately washed and scraped with cold 1X PBS, supplemented with 100µg/ml 

cycloheximide. The cell suspension is then centrifuged at 3000 rpm for 5 mins and then 400µl 

of LSB buffer (0.5 M sucrose, 2.4% Triton X-100, 100 U/ml RNasin, 100µg/ml 

cycloheximide, 1mM DTT, 3mM MgCl2, 100mM NaCl, 20mM Tris, pH 7.4) was added to 

the pellet and homogenized. Then, 400µl of LSB buffer supplemented with 0.25M sucrose 

and 0.2% Triton X-100 was added to the homogenized pellet. Samples were then centrifuged 

at 12,000g for 10 mins at 4°C. From the lysates, 300 µl was kept as total input control which 

represents the total cell lysate and rest were loaded onto a 15–50% sucrose density gradient, 

made using a gradient maker system and then ultra-centrifuged at 38,000 rpm for 2 hrs at 4°C 

(SW41 rotor). 16 ribosomal/polysomal fractions were collected using a gradient fractionation 

system (Isco). Total RNA was extracted for each condition (NC and anti-miR-31) from all 16 

fractions using TRIzol–LS chloroform method taking 300µl of each fraction. Reverse 

transcription was carried out using an equal volume of RNA (5µl) and SuperScript III Reverse 

Transcriptase (Invitrogen) with random hexamer primers according to the manufacturer’s 

instructions. qRT–PCR experiments was performed to check the expression of probable miR-

31 target genes in each fraction using the SYBR Technology (Power SYBR Green, Life 

Technologies) and CFX96 (Biorad). The primer pairs used are given in Table 5.1. 
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Table 5.1 List of primers used for qRT-PCR 

Genes Direction Primer Sequence 
Hif1a 
 

F GTCCCAGCTACGAAGTTACAGC 
R CAGTGCAGGATACACAAGGTTT 

Itga5 F TGCAGTGGTTCGGAGCAAC 
R TTTTCTGTGCGCCAGCTATAC 

Dock1 F AAGTCACCACAACGCTTCGAG 
R AGATCATGTGTCGCACACTTC 

Acsl4 F CTCACCATTATATTGCTGCCTGT 
R TCTCTTTGCCATAGCGTTTTTCT 

Amotl1 F GGGGAAAAGCGTAGAGGACC 
R GCCGCTGTAACACTCTTCCA 

Pdgfb F CATCCGCTCCTTTGATGATCTT 
R GTGCTCGGGTCATGTTCAAGT 

Myh9 F AGAACATGGACCCCTTGAACG 
R TGATCCGATCCACATCCTTCC 

Kif2a F ATTTTCTCTCATTGACCTGGCTG 
R ACTCCTTGAGTGCTAAAAGGC 

Ptprf F TCCAGCCATTACGAGTGCAG 
R CCCATGTCGATAGTCGGGAAC 

Prkce F CAGAATGGGAGCCGTCACTTC 
R CCTGAACACTCGTTCTTCATTGT 

 

5.2.7 In vitro identification of miR-31 targets 

Argonaute 2 (Ago2) immunoprecipitation of RNA-Induced Silencing Complexes (RISC) was 

carried out with and without miR-31 inhibitor treatment in 4T1 cells to identify its targets in 

vitro. The two fractions were analyzed for miR-31 levels by qRT-PCR. The mRNAs in the 

Ago2 immunoprecipitated fractions were transformed to cDNA and then cRNA 

(complementary RNA) with the simultaneous incorporation of cyanin 3 to produce cyanin 3 

labeled cRNA. These labeled cRNAs were finally hybridized on mouse gene expression 

microarrays (Agilent, 4 x 44K) which were further analyzed for probable targets of miR-31. 
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5.3 Results 
5.3.1 Differentially expressed miRNAs 

Four cell lines derived from a unique murine spontaneous breast cancer model (67NR, 

168FARN, 4T07 and 4T1) were studied to identify differentially expressed (DE) miRNAs 

from the microarray. Briefly, the four cell lines are tumorigenic when injected into the 

mammary fat pad of syngeneic female BALB/c mice. They demonstrate increasing metastatic 

potential from 67NR to 4T1 tumor, where the 67NR tumors stay localized to the injection site, 

and 4T1 disseminate and give rise to macroscopic metastasis in lung, liver, bones and brain 

(Heppner et al., 2000) (Fig 5.2A). 168FARN tumors reach the regional lymph node, but fail to 

produce nodules and do not advance past the nodes. 4T07 tumors, although recovered from 

blood and lungs, they fail to develop visible metastasis and form only micro-metastasis. 

Microarray analysis of the four different tumors yielded six different sets of DE miRNAs with 

FC > 1.5 and p-value cut-off < 0.05, giving an idea about the miRNAs possibly deregulated in 

each stage of metastasis progression. An overview of the number of DE miRNAs in different 

sets is in Table 5.2. Unsupervised clustering analysis of miRNA expression in the four tumor 

types was able to clearly show distinct patterns of miRNA expression (Fig 5.2B, 5.2C).  

The differential expression patterns of miRNAs drew our attention to those miRNAs 

whose expression levels are higher and most discriminating in the metastatic tumors (4T07 

and 4T1) as compared to non-metastatic tumors (67NR and 168FARN). To identify the 

discriminating miRNA, we found DE miRNAs common in each of the metastatic tumors as 

compared to non-metastatic. We thus obtained 3 miRNAs miR-31, miR-27b and miR-145 

whose expression significantly discriminated the metastatic from non-metastatic tumors (Fig 

5.3). According to our array analysis, miR-31 was upregulated and miR-27b, miR-145 were 

downregulated in two metastatic cell lines. 
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Figure 5.2. The 4T1 model of metastasis development (A) Paraffin embedded histological 

examination of four primary tumors and lung tissues isolated from the same spontaneous 

breast carcinoma murine tumor but showing increasing metastatic capacities 

m=micrometastase; M=metastase (Figure adapted from (Dutertre et al., 2010)). (B) 

Unsupervised hierarchical clustering of DE miRNAs in the four cell lines. (C) Clustering of 

DE miRNAs according to gene expression values re-classifies the 4 tumor types on the basis 

A 
C 

B 
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of their miRNA expression pattern, and it defined different subgroups of deregulated 

miRNAs. 

Table 5.2 DE miRNAs in different sets 

Sets Differentially expressed miRNAs 
4T1 vs. 67NR 62 
4T07 vs. 67NR 47 
168FARN vs. 67NR 54 
4T07 vs. 168FARN 39 
4T1 vs. 4T07 18 
4T1 vs. 168FARN 37 

 

 

Figure 5.3. Venn diagram showing common DE miRNAs between different sets of metastatic 

and non-metastatic tumors 

5.3.2 miR-31 is upregulated in metastatic breast carcinoma 

The qRT-PCR analysis was carried out in 4T1 model cell lines for three miRNAs (miR-31, 

miR-27b, miR-145) which discriminated the metastatic tumors from non-metastatic from the 

array data. Among these miRNAs, only miR-31 was able to distinguish the metastatic and 

non-metastatic tumors as it was found to be upregulated in both the metastatic cell lines (4T1 

and 4T07) as compared to non-metastatic cell lines (168FARN and 67NR) (Fig 5.4). miR-27b 

and miR-145 were found to be upregulated only in one of the non-metastatic cell line 

(168FARN), which was able to reach the regional lymph node but fail to produce nodules. 

Thus, miR-31 emerged as a critical candidate miRNA, which might be playing a role in the 

formation of metastatic breast tumors. Further analysis was performed to confirm its analyzed 

role in metastasis.  
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Figure 5.4. qRT-PCR analysis of miR-31, miR-27b and miR-145 in 4T1 mouse model cell 

lines. miR-31 was found to be upregulated in metastatic cell lines, 4T1 and 4T07 compared to 

168FARN and 67NR. miR-27b and miR-145 were found to be upregulated only in non- 

metastatic cell line 168FARN as compared to others.  

5.3.3 miR-31 enhances invasiveness of breast cancer cells 

The effect of miR-31 on invasiveness of breast cancer cells was investigated in vitro using 

Boyden chamber assay. For this, the non-metastatic 67NR cells were transfected with pre-

miRNA mimics of miR-31 and mock mimic as an NC. miR-31 demonstrated a pro-metastatic 

effect on 67NR non-metastatic cells with nine-fold increase in the number of invasive cells 

(Fig 5.5A). Inversely, depletion of miR-31 in the 4T1 cells using anti-miR-31 LNA was found 

to decrease their invasive potential significantly as compared to NC LNA (Fig 5.5B).  

 

Figure 5.5. miR-31 facilitates invasion in vitro in breast cancer cells (A) Transfection of miR-

31 precursor leads to increased invasion of the non-metastatic cell lines 67NR. (B) 

Transfection of anti-miR-31 leads to reduced invasion of the metastatic cell line 4T1 

compared to NC. NC= Negative control. 

A B 
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5.3.4 Identification of miR-31 targets in vitro and in silico 
To identify miR-31 targets in vitro, Argonaute 2 (Ago2) immunoprecipitation (IP) of RNA-

Induced Silencing Complexes (RISC) was carried out with and without miR-31 inhibitor 

treatment of 4T1 cells. 13999 out of 44000 probes were analyzed both in cell lysate (CL) and 

Ago2 immunopellet (IP) in the two conditions (mock and anti-miR-31) and in two 

independent experiments. Experimental targets of miR-31 are defined as RNA messengers 

corresponding to probes demonstrating a ratio log[IPanti-miR-31/IPmock] / log[CLanti-miR-31/CLmock] 

less than or equal to -1.5.  It resulted in 331 mRNA targets to be depleted more than 1.5 fold 

in RISC when miR-31 was silenced. This list of experimental targets of miR-31 was mapped 

with 946 predicted targets of miR-31 from IPA and 414 predicted targets from TargetScan 

(Fig 5.6). An overlap of 26 and 15 genes was found between the Ago2-IP predicted and IPA 

targets and Ago2-IP predicted and TargetScan targets respectively, among which 10 genes 

were predicted to have metastatic functions inferred from IPA analysis. These are Acsl4, 

Amotl1, Dock1, Hif1an, Itga5, Kif2a, Myh9, Pdgfb, Prkce and Ptprf.  

 

 

Figure 5.6. Identification of candidate targets of miR-31 (A) Venn diagram representing the  

A 

B 
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intersection between experimental targets detected by Ago2-IP combined with high 

throughput analysis and in silico predicted targets from IPA and TargetScan (B) miR-31 

interaction network with its ten target genes which are involved in metastasis.  

5.3.5 Transcriptionally regulated targets of miR-31 

To investigate the miR-31 targets that are regulated at the transcriptional level, we performed 

qRT-PCR in the total cell lysate for the ten predicted targets of miR-31 (Fig 5.7). We found 

increased transcriptional regulation of Ptprf, Myh9, Hif1a, Itga5 and pdfgb and decreased 

expression of Kif2a after treating with anti-miR-31, indicating these are the potential targets 

regulated at the transcriptional level.  

 

Figure 5.7. Transcriptional regulation of miR-31 target mRNAs in total cell lysate of NC and 

anti-miR-31 treated 4T1 cells. 

5.3.6 A subset of miR-31 predicted targets showed altered ribosomal 

association after anti-miR-31 treatment 

To confirm miR-31 targets functionally involved in translational control during breast cancer 

metastasis, we validated ten metastatic targets of miR-31 predicted by Ago2-IP and in silico 

approaches, as mentioned above in 16 polysome fractions of anti-miR-31 treated 4T1 cells 

and NC treated 4T1 cells. Of total 16 fractions obtained for each experiment, fraction 3, 4 and 

5 correspond to 40S, 60S and 80S subunit of ribosomes respectively and rest 6-16 are 

polysomes. RNA was isolated from all 16 fractions and qRT-PCR was performed to know the 

association of ten predicted metastatic targets of miR-31 with ribosomes. The polysome 
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profile obtained during the fraction is shown in Fig 5.8A. The TATA box binding protein 

(Tbp) gene is taken as endogenous control, and its regulation is not affected by miR-31 as 

expected. It is found to be normally translated in all cells including the treated cells (Fig. 

5.8B). As shown in Fig 5.8C, Myh9 is found in heavier polysomal fractions of miR-31 

inhibitor treated cells indicating it is associated with many ribosomes as compared to NC 

treated cells. This indicates Myh9 is translated efficiently in the absence of miR-31 and thus, 

the oncogenic miR-31 modulates translational regulation of Myh9. Myh9 was the only miR-

31 target gene, which showed translational repression along with concordant changes in 

mRNA abundance. Acsl4, another target showed translational repression with no change in 

mRNA abundance (Fig 5.8D). It was seen to be associated with heavier fractions in miR-31 

inhibitor treated cells than control. The targets like Ptprf, Kif2a, Hif1an, Itga5, Pdgfb showed 

little or no translational repression but changes in mRNA abundance (Fig 5.8 E-I). The 

remaining targets such as Amotl1, Dock1, and Prkce showed no change at either transcription 

level or translation level with miR-31 inhibitor treatment (Fig 5.8 J-L). 

 

 

A 

B 
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Figure 5.8. Ribosomal profiling of ten genes and TBP mRNAs from anti-miR-31 treated 4T1 

cells after sucrose density gradient fractionation (A) Typical ribosomal profiling trace 

repeated four times, showing total RNA abundance across fractions as measured by 

absorbance at 254 nm. (B) qRT-PCR analysis of Tbp in 16 fractions. (C-L) Ten miR-31 target 

genes in different fractions from 4T1 cells treated with control mimic or anti-miR-31, where 

x-axis depicts the % of total mRNA expression level. Each graph on the right side shows 

qRT-PCR analysis of that mRNA in total RNA/total cell lysate indicating transcriptionally 

regulated targets; A254- absorbance at 254 nm, Blue- Negative control treated cells, Red- 

anti-miR-31 treated cells. 

5.4 Discussions 

Among the small RNAs, miRNAs are widely known as critical regulators of several disease 

processes including metastasis in breast cancer. They function by regulating gene expression 

post-transcriptionally either by mRNA degradation, destabilization or translational inhibition, 

which they mediate by base pairing to 3′-untranslated regions of target mRNAs. They control 

post-transcriptional protein abundance either by repressing the target mRNA translation with 

K 

L 
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no noticeable impact on mRNA stability or by initiating mRNA degradation. Here, we studied 

miRNAs as regulators of breast cancer metastasis in mouse breast cancer metastasis model 

and looked into metastatic targets that are translationally inhibited by miRNAs. We identified 

miR-31 as a critical regulator whose expression discriminated the non-metastatic mouse 

tumors from the metastatic tumors. miR-31 was earlier reported by Valastyan and group 

showing its lower expression associated with higher metastasis rate of breast cancer 

(Valastyan et al., 2009b) which was retracted in 2015. On the contrary, we observed its role as 

a pro-metastatic miRNA which debated its role in metastasis of breast cancer. miR-31 was 

also reported to be downregulated in breast cancer by other groups (Augoff et al., 2012; 

Sossey-Alaoui et al., 2011). In another study, miR-31 was reported to be downregulated in 

triple-negative breast cancer cell lines of basal subtype, whereas it was overexpressed in the 

luminal cell lines (Sossey-Alaoui et al., 2011). Further, its upregulation has been reported in 

other cancers like lungs, colorectal, HNSCC, and osteosarcoma (Liu et al., 2010a; Liu et al., 

2010b; Namlos et al., 2012; Schee et al., 2012). 

In this study, upregulation of miR-31 was shown to be involved in the invasion of 4T1 

mouse model cell lines. Its inhibition in 4T1 metastatic cell line lead to decreased invasion 

and its overexpression in non-metastatic 67NR cells enhanced their invasion. Similar results 

have been seen in other cancers like colorectal cancer and head and neck squamous cell 

carcinoma, where there was a decrease in cell migration and invasion after miR-31 inhibition 

(Liu et al., 2010b; Wang et al., 2010a). Additionally, when colon cancer cell lines were 

induced with miR-31 expression, its cell mobility and invasiveness was enhanced (Cottonham 

et al., 2010). Thus, it can be concluded that miR-31 expression depends on tumor types and 

both decreased and increased miR-31 levels are associated with metastatic phenotypes. While 

studying the mode of regulation of its ten target genes which are predicted to be involved in 

metastasis of breast cancer, we found that the expression of myosin heavy chain 9 (Myh9) is 

affected both at transcriptional and translational level. The Long-chain acyl-CoA synthetase 4 

(Acsl4) gene, is the only gene for which there is no significant difference in mRNA 

abundance but was found to be associated with heavier polysome fraction indicating to be 

translationally inhibited by miR-31. We observed no change in the association of Ptprf, 

Hif2an, Itga5 and Pdgfb with ribosomes indicating these are not translationally regulated by 

miR-31, although a significant increase in their mRNA abundance was noticed on post anti-
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miR-31 treatment. The analysis of ribosomal fractions enabled the identification of potential 

targets of miR-31 that wouldn't have been possible by performing the expression analysis of 

total RNA only. Also, this shows the various levels at which miR-31 regulates its target gene 

expression during metastasis of breast cancer.  

Our analysis predicts Myh9 and Acsl4 to be critical miR-31 targets during breast 

cancer metastasis. These are transnationally upregulated by miR-31 inhibition, indicating an 

anti-metastatic role during breast cancer metastasis. Myh9 loss is commonly reported in 

human squamous cell carcinoma (SCC) and seen to reduce the stability and nuclear 

localization of p53, thus acting as a tumor suppressor (Schramek et al., 2014). It has also been 

seen that Myh9 knockout triggers the formation of invasive SCC on tumor-susceptible 

backgrounds (Schramek et al., 2014).  Similarly, Acsl4, which is a key enzyme in fatty acid 

metabolism with a marked preference for arachidonic acid (AA) has been implicated in 

tumorigenesis of gastric cancer (GC). It has been seen to inhibit cell growth, colony formation 

and cell migration of GC cells, indicating its role in metastasis (Ye et al., 2016). For target 

genes like Ptprf, Hif2an, Itga5 and Pdgfb, it was observed that their translational levels did 

not change in response to repression of miR-31, even though their transcript levels changed 

significantly. This indicates that an interaction of miRNA-mRNA might be influenced by 

various other factors where other TFs, miRNAs or RNA binding proteins could regulate the 

targets.  Fig 5.9 briefly highlights our findings. 

 

Figure 5.9. Highlight of our study showing miR-31 enhances breast cancer metastasis, by 
probably regulating Myh9 and Acsl4 
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Our study thus revealed the critical role of miR-31 in metastasis of breast cancer and 

its translationally regulated target genes, Myh9 and Acsl4 by which it might be mediating its 

function in 4T1 metastatic mouse model. Further studies need to be done to establish these 

genes as direct targets of miR-31 and whether restoration for their regulation inhibits 

metastasis. 
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6.1 Summary and conclusion 

The accumulating data from this work demonstrates the crucial role of miRNA mediated 

target gene regulation in metastasis of cancers like STS and breast carcinoma. STS being a 

poorly researched cancer type and having a high potential for metastasis, there was growing 

need to uncover critical regulators of STS metastasis which could further aid in exploring 

treatment strategies for STS treatment. This intrigued us to explore miRNAs as regulators of 

STS metastasis by studying TF-miR regulatory network which gave us a pool of miRNAs and 

genes with an unexplored potential to be critical regulators during STS metastasis 

progression. We also studied a novel miRNA-target pair and established their role for the first 

time in STS metastasis. Furthermore, with a plethora of literature dedicated to breast cancer 

metastasis study, there is still no improvement in its metastasis related deaths. With this 

scenario and with the known complexity of metastasis process, we studied a metastasis mouse 

model to explore metastatic miRNA in breast cancer metastasis. Thus, our study on miRNA 

mediated metastasis in STS and breast carcinoma uncovered some crucial findings, which are 

as follows- 

¡ From the STS metastasis specific Notch signaling network, nine novel regulators 

(MYC, TP53, STAT3, RELA, YY1, FOS, SP1, hsa-miR-21, and hsa-miR-34a) were 

established, which might be active in Notch signaling during STS metastasis.  

¡ Path analysis from active STS metastasis sub-network showed that MYC forms a 

central molecule in the TF-miRNA regulatory path during STS metastasis modulating 

expression of downstream genes via regulation of hsa-miR-26a and hsa-miR-221. 

¡ All of the 12 significant paths we identified terminate with hsa-miR-215 regulating 

TYMS. hsa-miR-215 and TYMS were found to be negatively co-related in sarcoma, 

with miRNA being downregulated and TYMS being upregulated.  

¡ TYMS upregulation being well established in different cancers and with a role as a 

chemotherapeutic target, we hypothesize hsa-miR-215 and TYMS as potential 

candidates for prognostic indicator of chemotherapeutic benefits in STS metastasis. 

Also, miR-215 can be used in combination with other chemotherapeutic targets to 
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inhibit upregulated levels of TYMS in cancerous sarcoma cells. TYMS upregulation 

was also seen to be associated with decreased survival of sarcoma patients.  

¡ We established hsa-miR-429 targeting KIAA0101, as a novel miRNA-target pair with 

a potential role in STS metastasis. hsa-miR-429 being downregulated acts as an anti-

metastatic miRNA and leads to upregulation of KIAA0101 and thus plays a role in 

proliferation, migration and anchorage independent growth of STS cell lines. 

¡  Overexpression of KIAA0101 acting as a pro-metastatic gene is also seen to be 

involved in lower survival of STS patients, indicating its prognostic significance.  

¡ miRNA analysis in a mouse model of breast cancer metastasis showed miR-31 to be a 

potential pro-metastatic miRNA which aids in the metastatic spread and tumor growth 

at secondary sites, because of its high expression in 4T07 and 4T1 cell lines.  

¡ Overexpression of miR-31 was found to enhance invasiveness of non-metastatic cell 

line 67NR and its inhibition, reduced the invasiveness of metastatic 4T1 cell line.  

¡ miR-31 might mediate its pro-metastatic role via targeting Myh9 gene both at the 

transcriptional level and translational level and Acsl4 gene at the translational level. 

Thus, this study highlights some crucial miRNAs and their targets along with a method to find 

a pool of key molecules using regulatory network studies. Unraveling the role of miRNA 

mediated target regulation in then molecular biology of cancer metastasis will facilitate the 

development of miRNA based therapeutics.   

6.2 Scope of further investigations 

This research work is a contribution towards exploring the critical role of miRNAs in 

metastasis of cancer, specifically STS metastasis which is poorly explored and understood. As 

miRNAs have the potential to be used as novel therapeutic targets, our work can contribute 

towards identifying potential miRNAs for targeted therapies in metastasis of cancer. Further 

validation of expression of miR-429 and KIAA0101 in clinical sarcoma tissue samples and in 

vivo studies can be done to establish our finding at the clinical level. The rarity of STS and 

their high metastatic potential calls warrant more extensive studies on their metastasis of STS 
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to identify crucial regulators and unveil mechanistic mechanism of metastatic events which 

might be different from other cancer types, such as carcinoma. This might pave the ways for 

discovering diagnostics and therapeutics of STS. 

Further analysis needs to be performed to establish the targets of miR-31 by which it 

mediates its metastatic function in breast cancer. Moreover, the expression of our recognized 

potential targets, Myh9 and Acsl4 needs to be verified in metastatic breast cancer samples. 

Also, studies pertaining to their gain of function in metastatic cells have to be done to 

establish their metastasis inhibitory role.  
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