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Abstract 

Dissecting the complexities underlying various modes of gene regulation has 

long been a topic of great interest, given their fundamental importance in dictating 

many biological processes, as well as given their involvement in various disease 

processes, such as cancer. As cancer occurs as a consequence of alterations in key 

signaling pathways which are critical for making important cell fate decisions in normal 

cells, understanding how gene regulatory events underlying these pathways operate in 

normal circumstances will provide valuable insight into biology of these pathways, as 

well as, tumorigenic process. With Myc and E2F pathways being central components for 

controlling cell proliferation, an important property that defines a cancer cell, as well as 

expanding roles for microRNAs(miRNA) in control of gene expression, we focused on 

elucidating underlying regulatory (transcription factor, miRNA) structure that 

contribute to Myc and E2F pathway activities. Through integrative analysis of mRNA 

and miRNA expression profiles reflecting these pathways, we observed a distinct 

regulatory pattern in which, in the case of Myc pathway, Myc-induced miRNAs were 

contributing to the repression of negative regulators of cell cycle, including PTEN, while 

in case of E2F pathway, E2F-induced miRNAs were forming an incoherent Feed-

Forward Loop (iFFL) with a number of E2F-induced genes including cyclin E. We 

further demonstrate through functional studies, as well as through single cell imaging of 

gene expression dynamics that, depending on the context of either Myc or E2F pathway, 
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miRNAs play distinct roles in ensuring that cell fate decisions relevant to these 

pathways are properly executed.  
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1. Introduction 

1.1 Cellular Pathways Involved in Cell Fate Decisions  

1.1.1 Gene Regulation and Signaling Pathways 

One key characteristic that defines a living organism from inorganic matters is its 

ability to sense various environmental stimuli, and to respond accordingly (Jordan, 

Landau et al. 2000; Koshland 2002). These responses occur through the coordinated 

action of complex signaling events and tight control over gene regulation, all of which 

converge into a final decision to carry out appropriate cell fate decisions, such as to 

undergo cellular growth, differentiation, proliferation, or cell death (Fambrough, 

McClure et al. 1999; Jordan, Landau et al. 2000; Schlessinger 2000; Miller-Jensen, Janes et 

al. 2007; Bennett, Pang et al. 2008). As proper executions of these decisions are critical for 

the sake of its own cellular existence, and in the case of higher eukaryotes, for the 

survival of the organism as a whole, cells have adapted highly sophisticated means to 

precisely control gene regulation (Li, Long et al. 2004; Kollmann, Lovdok et al. 2005). For 

simple cellular organisms, such as E.coli, gene expression is regulated as operons, 

functional unit of gene expression where genes encoding protein with related functions 

are clustered, so that the cell can make the necessary proteins rather quickly to respond 

to the changing environment (Jacob and Monod 1961; Kuhlman, Zhang et al. 2007). 

However, in higher eukaryotes, such as mammals, there are multiple layers of complex 

regulatory mechanisms are involved. While we have learnt a great deal in the past few 
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decades on multiple layers of gene regulation known to exist, from the control of 

chromatin structures (epigenetics), transcriptional and post-transcriptional regulations, 

to more recently, those mediated by non-coding RNAs (e.g. miRNAs) (Morris, 

Mukherjee et al.; Li 2002; Levine and Tjian 2003; Chen and Rajewsky 2007; Sasaki and 

Matsui 2008), understanding how cells achieve the level of precision in coordinating 

expression of a huge array of genes necessary to generate appropriate biological 

response, is still a big challenge and an active are of research.  

Among the modes of gene regulation that is most well studied and understood 

are those mediated by transcription factors (Levine and Tjian 2003). Transcription factors 

recognize and bind to distinct DNA sequences in the promoters of genes, which then 

recruit additional transcriptional machinery, including RNA polymerases to promote 

transcription, or chromatin repressor complexes to repress transcription (Patikoglou and 

Burley 1997). As there are more than 20,000 genes in the human genome but finite 

numbers of transcription factors, achieving the level of specificity required to 

coordinately regulate gene expression necessary to carry out diverse array of biological 

functions is not a trivial task.  

One mechanism that has been proposed is through combinatorial transcription 

factor binding (Smale 2001; Giangrande, Zhu et al. 2004; Freedman, Chang et al. 2009). 

This then allow the cell to generate a diverse repertoire of gene regulatory modules that 
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can lead to expression of functionally more coherent genes. Another possible mechanism, 

not mutually exclusive from the combinatorial transcriptional regulation, is through 

transcriptional cascade whereby a transcription factor sequentially activates cascade of 

downstream transcriptional factors, which in turn mediate expression of additional 

downstream targets, and is thought to occur more frequently in developmental contexts 

(Bolouri and Davidson 2003). 

 

Figure 1: Signaling pathways that sense various external signals and convey them 

through intercellular pathways consisting of signal molecules and transcription 

factors.  

It is known that in many cases, action of transcription factors are known to 

respond to various upstream signaling events known to be primarily mediated by 
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kinases and phosphatases, and Receptor Tyrosine Kinases (RTK), through enzymatic 

attachment or detachment of signaling molecules, which lead to cascade of signaling 

events (Jordan, Landau et al. 2000; Schlessinger 2000). Given the complexity of genes 

involved in such signaling/gene regulatory processes, we collectively refer to these 

events as signaling pathways (Figure 1). Signaling pathways constitute a unit by which a 

cell carries out a particular function, and is named after the initial triggering event, 

whether it is driven by a receptor tyrosine kinases (Schlessinger 2000), or transcription 

factors. Therefore, signaling pathways represent a way of conceptually understanding 

biological processes, and identifying components of a pathway, as well as the regulatory 

hierarchies which exists within the pathway, can provide a great deal of insight into the 

underlying biology of a cellular phenotype of interest (Jordan, Landau et al. 2000). This 

has previously been achieved through various biochemical, and/or genetic methods, as 

well as more recently, through genomic approaches (Nusslein-Volhard and Wieschaus 

1980; Friedman and Perrimon 2007; Bakal, Linding et al. 2008). Through collective action 

of signaling pathways, many cellular decisions are made, including those dictating 

important aspects of cell fate. Therefore, maintaining the tight control over these 

pathways is critical for preserving the integrity of cellular functions and tissue 

homeostasis, disruptions of which are known to be responsible for a variety of different 

diseases, including those of cancer.  
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1.1.2 Pathways involved in Cellular proliferation and their 
Connections to Cancer  

Cancer is a disease that occurs as a result of alterations in multiple components 

in key cellular signaling pathways which under normal circumstances, are critical for 

determining many aspects of important cell fate decisions (Hanahan and Weinberg 2000). 

Therefore, it is crucial to understand not only how these pathways operate in cancer, but 

also how they are regulated in normal cells in order for us to fully appreciate the overall 

complexities of tumorigenic process.  

Cell proliferation is among the most relevant properties that define a cancer cell, 

as one key characteristic that distinguishes a cancer cell from its normal counterpart is 

its ability to propagate independent of external growth signals (Hanahan and Weinberg 

2000). As such, it is not surprising that many of the signaling pathways that regulate this 

process are frequently altered in cancer (Hartwell and Kastan 1994). Normal cells, 

therefore, are dependent on complex regulatory mechanisms involving coordinated 

action of a number of signaling pathways to ensure that cell proliferation occurs only 

when it is necessary, while making sure that it does not lead to uncontrolled state of 

proliferation, such as that observed in cancer. Given the fundamental importance, as 

well as its relevance to the disease, a large body of literature exists in trying to further 

understand various mechanisms underlying control of cell proliferation (Perou, Jeffrey 
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et al. 1999; Sears and Nevins 2002; Whitfield, Sherlock et al. 2002; Rosenwald, Wright et 

al. 2003; Chang, Sneddon et al. 2004; Whitfield, George et al. 2006; Chen, Tsai et al. 2009).  

We now know that Myc and Rb/E2F pathways are central to this process and 

indeed, their alterations are frequent occurrence in human cancer (Figure 2) (Sears and 

Nevins 2002; Meyer and Penn 2008; Chen, Tsai et al. 2009). The two pathways are driven 

by Myc and E2F, both of which belong to conserved family of transcription factors, 

consisting of either N-Myc and L-Myc, or E2F1, E2F2, E2F3, E2F4, E2F5, E2F6, E2F7 and 

E2F8, respectively (Meyer and Penn 2008; Chen, Tsai et al. 2009). In the case of E2F 

transcription factors, E2F1, E2F2, and E2F3 are generally known as the activator E2Fs, 

while E2F4, E2F5, E2F6, E2F7 are referred to as the repressor E2Fs, with the former 

generally known to promote cell cycle progression, while the latter are generally known 

to play negative roles (Chen, Tsai et al. 2009). From here on, E2F pathway will refer 

mainly to those driven by the activating members of the E2F family.  

In normal dividing cells, Myc and E2Fs are sequentially activated in response to 

cascade of upstream mitogenic signaling events, which are triggered upon cellular 

engagement with appropriate external growth signals, and act as transcriptional 

regulators that then orchestrate expression of large group of genes, allowing the cell to 

execute the cell proliferation program (Sears and Nevins 2002).  

 Myc, which is an immediate early gene, is activated early in the cell cycle 

and leads to transcriptional activation and repression of a large group of genes, 
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including those involved in cell cycle regulation, cell growth, and metabolism, many of 

which are necessary components for making the transition from quiescent state (G0) to 

enter the cell cycle (G1) (Amati, Littlewood et al. 1993; Amati and Land 1994; Amati, 

Alevizopoulos et al. 1998; Dang, O'Donnell et al. 2006). 

 

Figure 2: Simplified schematic representing key nodes in the Myc and E2F pathway 

for cell fate decisions.  

Among the targets of Myc which are critical for the subsequent transition of the 

cell cycle (G1 to S phase) are E2F1 and cyclin D (Figure 2). When cyclin D becomes 

activated, it phosphorylates Retinoblastoma (Rb) and other members of the pocket 

proteins p103 and p107 (Resnitzky and Reed 1995). This phosphorylation event leads to 
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release of E2F, which is otherwise tightly bound to Rb in quiescence, thereby allowing 

E2F to freely engage in transcriptional activity. The physical link between Rb and E2F 

serves as an important mechanism to restrict E2F activity when unnecessary, and 

disruption of this regulation, either through Rb deletion or mutation, is reported to be a 

one common way cancer cells achieves activation of the E2F pathway (Nevins 2001).  

In parallel to the release of E2F through Rb through cyclin D, E2F itself is also 

transcriptionally activated by Myc, as well as E2F1 having the ability to promote its own 

transcription through auto-regulation (Johnson, Ohtani et al. 1994). These multiple 

layers of regulation of E2F leads to a sharp increase in E2F levels, at which point the cell 

is fully committed to entering the S phase of the cell cycle.  

Immediately following E2F activation, cyclin E, another important downstream 

target of E2F, also increases sharply (Ohtani, DeGregori et al. 1995). Cyclin E, when 

bound to Cyclin Dependent Kinase 2 (CDK2), forms a complex which leads to further 

phosphorylation of Rb (Resnitzky and Reed 1995). This marks a point at which the cell 

begins the DNA replication and is fully committed to completing cell cycle.  

Throughout cell cycle progression, levels of Myc, E2F and cyclin E are tightly 

regulated such that upon completion of the functions they are required for, their levels 

are immediately shut down by numerous mechanisms, including ubiquitin ligase 

mediated protein degradation (Yeh, Cunningham et al. 2004; Welcker and Clurman 
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2008). Failure to control these genes in a timely manner, or changes in stability of these 

genes are known to be tightly linked to tumorigenesis (Yeh, Cunningham et al. 2004).  

In addition to activation of positive regulators of cell cycle, there exist a number 

of negative regulators which are activated by various checkpoints throughout the cell 

cycle, to ensure that any defects or damages are prevented from being passed down to 

the progeny (Sherr and Roberts 1999). As is the case for positive regulators being 

important downstream target of Myc, including those mentioned above, active 

repression of negative regulators by Myc is also thought to be important for Myc 

pathway activity (Claassen and Hann 1999). For example, p21 (CDKN1A), a Cyclin 

Dependent Kinase inhibitor (CDKi), can inhibit activities of cyclin E/CDK2 and cyclin 

D/CDK4 complex, inducing cell cycle arrest when activated (Gartel and Radhakrishnan 

2005). Studies have shown that p21 expression is actively repressed by Myc through its 

interaction with its repression partner Miz1 (Claassen and Hann 2000; Gartel, Ye et al. 

2001; Wu, Cetinkaya et al. 2003). Under DNA damage or other stress conditions, the cell 

responds by activating p21, causing the cell to arrest in order to repair any damages. 

Similarly, p27 (CDKN1B) and p57 (CDKN1C) are also known to antagonize cyclin 

E/CDK2 activity when induced, leading to cell cycle arrest, and other studies have 

shown that Myc can also mediate active repression of these CDKis (Yang, Shen et al. 

2001). These cell cycle arrest genes, which serve to protect cells from unwarranted 

proliferation, are often found deleted or silenced in cancer (Sherr and Roberts 1999; 
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Gartel and Radhakrishnan 2005). Therefore, maintaining an intricate balance between 

the positive and the negative regulators of cell cycle ensures that the cell can proliferate 

only when necessary, while preventing any unwarranted proliferation.     

1.1.3 Cell Death Pathways as an Active Mechanism to Evade Cancer 

One important cellular fate decision that is made as a mechanism to maintain 

tissue homeostasis, and to prevent cellular propagation under unfavorable 

circumstances, is programmed cell death, or also known as apoptosis. Circumstances 

that trigger apoptosis range from immune clearance of viral infections (Everett and 

McFadden 1999; Roulston, Marcellus et al. 1999), responses to DNA damage or other 

stress response (Kumar 2009), as well as various oncogenic insults that have the 

potentials to drive tumorigenesis (Matsumura, Tanaka et al. 2003; Hoffman and 

Liebermann 2008; Polager and Ginsberg 2009), and the focus of this thesis will be on the 

latter.  

A number of different pathways have been delineated to be central for this 

process, all of which ultimately converge to trigger Bax activation, and subsequent 

inhibition of Bcl-2, an anti-apoptotic gene. This then releases cyctochrome c from the 

mitochondrial membrane, leading to sequential activation of effector proteins, namely 

members of Caspases family, which finally leads to chromatin condensation, DNA 
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fragmentation, membrane blebbing and subsequent cellular dissociation (Roulston, 

Marcellus et al. 1999).  

One key pathway that is critical for sensing intercellular defects caused by 

various stress response pathways, is the p53 pathway (Riley, Sontag et al. 2008). This 

pathway is driven by p53, a potent transcripton factor, which is normally constitutively 

degraded by MDM2 (Perry and Levine 1994), and can transcriptionally regulate 

expression of key apoptotic genes, such as BBC3 (PUMA), PMAIP1 (Noxa), and BAX. 

When the cell senses intrinsic defects, such as those triggered by DNA damage, it leads 

to the activation of p19/ARF, which suppresses the activity of MDM2, therefore, 

allowing p53 stabilization and subsequent engagement of transcriptional activity 

required to trigger either cell cycle arrest or apoptosis. It this decision may depend on 

p21, also a target of p53, where its presence is thought to lead to cell cycle arrest, while 

its absence to apoptosis (Gartel and Tyner 2002; Janicke, Sohn et al. 2007). It has also 

been shown that Myc can also influence this outcome through direct suppression of p21 

(Seoane, Le et al. 2002).  

There are large bodies of literature describing disrupted regulation of p53 as an 

important step in tumor progression, as evasion of apoptosis is an important hallmark of 

tumorigenesis (Levine, Perry et al. 1994; Hanahan and Weinberg 2000; Vogelstein, Lane 

et al. 2000; Vousden and Lu 2002; Riley, Sontag et al. 2008). It has been proposed that 

one of the steps that oncogenes need to overcome in order to induce cellular 
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transformation is the inactivation of p53 (Hanahan and Weinberg 2000). Indeed, upon 

ectopic activation of either Myc or E2F in the absence of appropriate growth signals, the 

cell immediately triggers a program that will activate cascade of genes involved in 

apoptotic response (Hoffman and Liebermann 2008; Polager and Ginsberg 2009). Studies 

have shown that Myc and E2F can both lead to the activation of p19/ARF, a prerequisite 

for p53 activiation, suggesting that this as one mechanism by which these genes drive 

apoptosis (Zindy, Eischen et al. 1998; Irwin, Marin et al. 2000; Phillips and Vousden 2001; 

Russell, Powers et al. 2002).  

The observations that Myc, a potent driver of proliferation can also lead to cell 

death was first discovered in cell culture studies whereby ectopic expression of these 

genes in the absence of serum sensitizes the cells to undergo massive cell death (Evan, 

Wyllie et al. 1992). It is now well known that this is largely dictated by the presence of 

Phosphoinositol-3-kinase (PI3K) pathway. PI3K, which consists of two subunits, the 

catalytic and a regulatory subunit, is a kinase whose activity is triggered by activation of 

receptor tyrosine kinases upon growth factor engagement, such as those present in the 

serum. Subsequently, PI3K activates Akt, a serine/threonine protein kinase that which is 

important for phosphorylation of numerous downstream targets, including FOXO, GSK-

3b, and mTOR to convey survival signals (Manning and Cantley 2007). It has been 

shown in many studies that presence of PI3K/Akt signaling dictates survival decisions 

during Myc or E2F activation, serving as a mechanism to provide a cue for the cell to 
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proliferate (Matsumura, Tanaka et al. 2003). Furthermore, a recent study has described a 

role for PI3K/Akt pathway in suppressing a number of E2F apoptotic target genes, 

highlighting additional importance for this pathway in dictating cell survival decisions 

(Hallstrom, Mori et al. 2008). Indeed components of PI3K/Akt pathway is among the 

most commonly altered pathways in human cancer, with mutations leading to 

constitutive activation of the pathway, and with a number of targeted agents that inhibit 

PI3K, it is emerging as a very attractive pathway to target for cancer therapy (Engelman 

2009). 

1.2 Genomic Approaches to the Study of the Myc and E2F 
Pathways 

Given the importance of Myc and E2F in both normal and cancerous cells, there 

has been a long vested interest in identifying downstream targets of these two 

transcription factors, as this may lead to the identification of pathway associated genes 

which may act as critical component of cellular transformation, and also potentially 

serve as therapeutic targets (Ishida, Huang et al. 2001; Muller, Bracken et al. 2001; 

Schuldiner and Benvenisty 2001; Black, Huang et al. 2003; Dang, O'Donnell et al. 2006; 

Wu, Sahoo et al. 2008). High-throughput technologies, along with completion of human 

genome sequencing project has made it possible to study the targets of Myc and E2F in 

an unbiased systematic manner. Indeed there is a large body of work whose efforts have 
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generated large datasets that have tried to define list of genes which may constitute the 

pathway.  

Chromatin Immunoprecipitation on microarrays (ChIP-on-chip) or ChIP-seq 

approaches uses the ability to pull down DNA fragments directly associated with these 

factors at a genome scale, and through either microarray hybridization or deep 

sequencing, allows systematic identification of direct targets of transcription factors of 

interest (Ren and Dynlacht 2004; Wu, Sahoo et al. 2008; Margolin, Palomero et al. 2009; 

Park 2009). Using these techniques, studies have been able to corroborate many 

previously known targets as well as identifying many unknown targets (Li, Van Calcar 

et al. 2003; Wu, Sahoo et al. 2008; Margolin, Palomero et al. 2009).   

Gene expression profiling with the use of microarray technologies have also been 

a very useful tool given their high-throughput capabilities, as well as reproducibility 

and compatibility of data across platforms (Quackenbush 2001). Many studies have 

taken advantage of the microarray-based profiling to identify gene expression changes 

that occur as a consequence of Myc or E2F activation in a number of different cellular 

and physiological contexts (Coller, Grandori et al. 2000; Schuldiner and Benvenisty 2001; 

Huang, Ishida et al. 2003; Patel, Loboda et al. 2004; Black, Hallstrom et al. 2005; 

Hallstrom, Mori et al. 2008; Shachaf, Gentles et al. 2008). For example, Coller et al. used 

oligonucleotide microarrays to identify transcripts consistently regulated by Myc 

through an ER-inducible system in primary human fibroblasts (Coller, Grandori et al. 
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2000). This led to the identification of known as well as novel Myc targets including 

those involved in growth, cell cycle, signaling, and adhesion. E2F targets have also been 

investigated using gene expression profiling. Study by Ishida et al. showed that a 

number of cell cycle regulated genes, including those involved in DNA replication, as 

well as those in mitosis, were shown to be targeted by E2F (Ishida, Huang et al. 2001). 

Furthermore, gene expression profile has been useful to dissect targets specific for 

distinct E2F family members, E2F1 and E2F3, as well as identifying context dependent 

targets such as those under apoptotic conditions vs. cell survival conditions (Black, 

Hallstrom et al. 2005; Kong, Chang et al. 2007; Hallstrom, Mori et al. 2008). Microarrays 

have also allowed investigators to capture target gene expression as a function of 

different doses of transcription factors being queried (Shachaf, Gentles et al. 2008). This 

is particularly important given that in tumors, oncogenes, such as E2F and Myc levels 

are elevated beyond those seen in normal physiological settings, and teasing out target 

genes directly contributing to transformation process versus those required for other 

aspect of Myc or E2F pathway activity represents a challenge to be overcome.  

Another arena in which microarray approach has proved to be useful has been in 

analyzing gene expression profiles derived from transgenic mice models with 

introduced alterations in either Myc or E2F pathways (Ellwood-Yen, Graeber et al. 2003; 

Mori, Rempel et al. 2008; Andrechek, Cardiff et al. 2009). These mouse model systems 

provide not only provide an examination of these targets in a more physiologically 
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relevant setting, but also allowed identification of species conserved targets that may be 

functionally important constituents of the pathway.  

While these approaches have been useful in generating a large repertoire of 

validated as well as potential target gene lists, interpreting the gene expression profiles 

by examining individual genes can often pose challenge as there are still large fractions 

of genes in the human genome whose functions still have not been clearly annotated. As 

such, to better assist functional interpretation of gene expression data, many tools have 

been developed to identify functional categories in which group of genes in the 

expression profiles of interests are significantly associated with. Through systematic 

comparison of many categorized group of genes within various data repositories, 

generated to reflect defined biology, in the form of a predefined gene sets, literature text 

mining, protein-protein interactions or other annotations (Subramanian, Tamayo et al. 

2005; Chang and Nevins 2006). For example, Gene Set Enrichment Analysis (GSEA) was 

developed to associate numerous gene sets, which themselves have been derived to 

represent various biological conditions, with dataset being interrogated, allowing 

identification of potential underlying biology that may exist within a given expression 

profile generated to reflect two distinct biological phenotypes (Subramanian, Tamayo et 

al. 2005). A number of studies have used this tool to identify novel biological 

mechanisms that exists in gene expression profiles of unknown underlying biology 
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(Murohashi, Hinohara et al.; Vivanco, Palaskas et al. 2007; Alles, Gardiner-Garden et al. 

2009; Ginestier, Wicinski et al. 2009). 

 

Figure 3: Schematic for the generation of pathway signatures. Gene expression 

profiling reflecting various biological phenotype, which in this case is pathway activity, 

can be generated by experimental introduction of a pathway gene (pathway on), or a 

control gene (pathway off). Experiments are typically carried out with 10 replicates 

representing each phenotype, to minimize introducing noise. The resulting genome scale 

expression data is correlated with the pathway status (on or off), and genes most 

significantly correlated (red) or inversely correlated with the pathway status (green) can 

be generated into a pathway signature.  

Gene expression profiles reflecting oncogenic signaling pathways, including Myc 

and E2F, which are also commonly referred to as pathway signatures, represent another 

way to utilize gene expression profile to better dissect pathway phenotype in a variety of 

different biological circumstances (Huang, Ishida et al. 2003; Bild, Yao et al. 2006). This 

approach, first illustrated in the Nevins lab, involve generation of pathway specific gene 



 
 

 
 

18 

expression signature that correspond to the activity of an oncogene of interest, in vitro, 

and using this signature to infer the likelihood that these pathways are activated in a 

biological samples of interest which there is also matching gene expression profile data 

(Figure 3).  

These signatures have been validated in many contexts and have demonstrated 

their usefulness in dissecting complex phenotypes based on these pathways, and 

associating clinical characteristics of tumors, predicting the choice of pathway specific 

therapeutics, as well as understanding basis for variability in tumor onset and 

mammary development (Bild, Yao et al. 2006; Mori, Rempel et al. 2008; Andrechek, 

Cardiff et al. 2009). Recently, these pathway signatures were applied to dissect 

heterogeneity that exists within mouse model driven by Myc or E2F, providing further 

insight into the complexities of these pathway regulation in tumorigenesis (Mori, 

Rempel et al. 2008; Andrechek, Cardiff et al. 2009).  

Finally, these genomic approaches have been expanded to examine miRNAs in 

the context of these pathways, leading to the identification of many miRNAs important 

for pathway function, and will be discussed in the subsequent sub-chapter (1.3).   

1.3 microRNAs as Regulators of Gene Expression   

 Within the past decade or so, the discovery of miRNAs have added new layer of 

complexity to gene regulation. miRNAs are small 19-24 nucleotide long non-coding 



 
 

 
 

19 

RNAs which individually gene expression by forming a partial complementary binding 

to the 3’-UTR of its cognate genes (Bartel 2004). miRNAs are encoded in the genome 

individually or in clusters, and are located in intergenic or intronic regions where they 

are either transcribed into primary miRNA (pri-miRNA), or are excised as precursor 

miRNAs (pre-mRNA), respectively (Kim, Han et al. 2009). Pri-miRNA is further 

processed by Drosha, an RNaseIII enzyme which cleaves it into approximately 70bp 

hairpin structure, and is exported out of the nucleus by Exportins. In the cyctoplasm, the 

hairpin is cleaved into the mature miRNAs through the action of Dicer, another RNase 

III enzyme. The resulting mature miRNA is then loaded onto RNA induced silencing 

complex (RISC) where it is guided to form a partial complementary binding on the 3’-

UTR of its target genes for subsequent repression activities. There are currently more 

than 1000 miRNAs which are known to be encoded in the human genome, many of 

whose functions are still unknown. It is estimated through bioinformatics-based 

calculations that one miRNA can target hundreds of genes and multiple miRNAs can 

target a single gene, allowing the cell additional means to fine tune gene 

regulation(Sevignani, Calin et al. 2006; Chen and Rajewsky 2007).  

 Since their initial discovery, miRNAs have been known to be involved in 

virtually all aspect of biological processes, including cancer (Bartel and Chen 2004). One 

of the first studies associating miRNAs to cancer comes from observation by Croce and 

colleagues who mapped a frequently deleted genomic region in Chronic Lymphocytic 
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Leukemia (CLL) to encode miRNAs, miR-15a and miR-16 (Calin, Dumitru et al. 2002). 

Later studies have confirmed this cluster of miRNAs with direct roles in tumorigenesis 

(Klein, Lia et al.). There are now large bodies of literature which highlight the role of 

miRNAs in cancer, providing both functional and correlative evidences for their roles in 

tumorigenesis, as well as demonstrating their potentials as an attractive targets for 

cancer treatment (Ryan, Robles et al.; Esquela-Kerscher and Slack 2006; Cho 2007; Kota, 

Chivukula et al. 2009). Given their capacity to regulate oncogenes and tumor 

suppressors, current view is that they themselves, depending on the cellular context, can 

act as such, with some miRNAs acting to repress tumor suppressors, while others 

through repression of key oncogenes (Esquela-Kerscher and Slack 2006; Cho 2007; 

Zhang, Pan et al. 2007; Croce 2008).  

 Gene expression profiling has also been instrumental in discovering involvement 

of miRNAs in cancer as they allow systematic comparison of miRNA expression across 

normal and tumors, as well as across different tumor types. Study by Lu et al., has 

shown that information obtained through miRNA expression profiling can be used to 

classify tumors based on their distinct tissue of origin, suggesting their potential utility 

in tracing lineage of poorly differentiated cancers (Lu, Getz et al. 2005). Furthermore, in 

this study, they report the observation that there is a global repression of miRNAs in 

normal cells compared to tumors. While exact mechanical basis to explain the 

observation remains to be illuminated, there have been demonstrations that general 
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miRNA biogenesis machinery may also be involved in contributing to cancer phenotype. 

For example, Kumar et al. have shown through analysis of well-defined mouse model of 

tumors that ablation of dicer, which resulted in decreased overall production of mature 

miRNAs, lead to a more aggressive tumor phenotype, suggesting that in tumors, 

miRNAs may play an inhibitory roles (Kumar, Lu et al. 2007). In contrast, consequence of 

inhibiting dicer in a primary Mouse Embryonic Fibroblasts (MEFs) displayed an 

opposite effect. Furthermore, same group, through comparison of conditional deletions 

of either a single or double copies of the gene in similar mouse model, have shown that 

mouse carrying tumors with a single copy deletion of dicer displayed the worst survival 

characteristics, relative to either the wild-type or double mutant (Kumar, Pester et al. 

2009). Interestingly, mouse that carried no copies of the gene did not lead to 

tumorigenesis, suggesting that some dicer activity is necessary for tumorigenesis (Arrate, 

Vincent et al.; Kumar, Pester et al. 2009).  

miRNAs have also been studied in the context of key signaling pathways. In fact, 

one of the earliest observation associating miRNAs with cancer related pathways comes 

from identification of miRNAs that act downstream of Myc signaling pathway (He, 

Thomson et al. 2005; O'Donnell, Wentzel et al. 2005). This cluster of miRNAs known as 

the miR-17-92 cluster, encodes six mature miRNAs that are related but have slightly 

distinct roles (O'Donnell, Wentzel et al. 2005). This cluster of miRNAs, when co-

expressed with Myc in the context of E-mu Myc lymphoma, accelerates 
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lymphomagenesis, providing the first functional evidence for miRNAs in tumorigenesis 

(He, Thomson et al. 2005). Simultaneously, this cluster of miRNAs were discovered 

independently by another group to be a direct target of Myc. Mendell’s group has 

shown that these miRNAs, identified through miRNA expression profiling of inducible 

Myc lymphoma cell line, act downstream of Myc to target yet another Myc target, E2F1, 

establishing a incoherent Feed-Forward loop (iFFL, to be discussed in details in Chapter 

4) (O'Donnell, Wentzel et al. 2005). Subsequent studies have shown that miR-17-92 

cluster is also targeted by E2F1 creating additional negative feedback. These results 

suggest that there is a highly sophisticated network structure whose role is to exert 

precise control over expression of these important oncogenes. Indeed, it has been shown 

that inhibition of these miRNAs, particularly miR-17 and miR-20a, led to temporal 

defects in E2F1 dynamics, disruption of which initiated a DNA damage response and 

checkpoint, underscoring the importance of miRNA regulation of E2F regulation 

(Pickering, Stadler et al. 2009). 

Furthermore, numerous other mRNA targets of this miRNA cluster, other than 

E2F1 has also been identified, many of which are involved in cell proliferation control or 

apoptosis such as cyclin D, CDKN1A, components of TGF signaling, Bim and PTEN 

(Dews, Fox et al.; Mestdagh, Bostrom et al.; Wang, Liu et al.; Xiao, Srinivasan et al. 2008; 

Yu, Wang et al. 2008; Olive, Bennett et al. 2009). Consistent with the known roles for 

these target genes in cell fate control, functional studies involving either overexpression 
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or inhibition of components of the cluster in various cancer cell lines have shown 

varying degrees of defect in proliferation or apoptosis.  

In addition to the miR-17-92 cluster, there is now a large repertoire of miRNAs 

which are known to be under the control of the Myc pathway, some of which are 

repressed by Myc, directly or indirectly (Kim, Mori et al.; Ma, Young et al.; O'Donnell, 

Wentzel et al. 2005; Chang, Yu et al. 2008; Gao, Tchernyshyov et al. 2009; Lin, Jackson et 

al. 2009). As is the case with many Myc targets, regulation of miRNA expression also 

seems to be highly context dependent. Lin et al, has shown, through expression analysis 

gene expression profiles generated from embryonic stem cells, differentiated and 

tumorigenic cells that miRNAs that are being targeted by Myc are different among these 

cellular contexts, suggesting that different miRNA may constitute the Myc pathway in 

different contexts. This also raises the possibility that miRNAs may confer slightly 

different functional characteristics to the Myc pathway depending on the context and its 

target genes (Lin, Jackson et al. 2009).  

A number of E2F targets have also been identified (Bueno, Gomez de Cedron et 

al.; Sylvestre, De Guire et al. 2007; Yang, Feng et al. 2009). Two groups, both using 

inducible system coupled with miRNA expression profiling in U2OS cells have 

identified miR-449a/b as downstream targets of E2F1, which in turn targets CDK6 and 

cdc25A (Lize, Pilarski et al.; Yang, Feng et al. 2009). More recently, Bueno et al. have 

used miRNA expression profiling assay to identify a number of cell cycle regulated 
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miRNAs which are also targets of E2F1 and E2F3 (Bueno, Gomez de Cedron et al.). They 

observed, upon functional inhibition of several of these miRNAs, in combination with 

E2F overexpression, an increase in S phase entry and DNA damage response, proposing 

a role for these miRNAs in preventing replicative stress.  

While there is now a huge body of knowledge that describes various gene 

regulatory events that constitute activities of numerous cell signaling pathways, serving 

as the basis to account for fundamental aspects of biological processes, recent 

discoveries of miRNAs and other regulatory noncoding RNAs, argue that we are far 

from understanding the sheer complexity that exists (Guttman, Amit et al. 2009). Not 

only does this represent the importance of discovering and further understanding these 

regulatory mechanisms per se, but also suggests the need to better incorporate their roles 

into our previously known biology to gain renewed appreciation for the existing 

complexities . With various genomic tools and genome sequence information, coupled 

with bioinformatics, there is now even greater opportunity to gather additional insight 

into the complex mechanisms of gene regulation, including those involving miRNAs.  

In this thesis, we aim to incorporate these tools, as well as using conventional 

molecular biology techniques, to uncover novel insights into how the two important cell 

proliferation pathways, Myc and E2F, uniquely utilize miRNAs into achieving their 

known biological roles.  
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2. Integrative Analysis of the Myc mRNA and microRNA 
Profiles 

2.1 Rationale 

One important pathway in control of cell proliferation is the Myc pathway. This 

pathway activity is primarily driven by action of Myc transcription factor, which is 

known to regulate extensive number of genes, both through transactivation, as well as 

through repression. Myc, as transcription activator recognizes a canonical motif known 

as the E-box (CACGTG) where it forms a heterodimer with a partner protein Max, to 

further recruit additional co-factors that are necessary for transcriptional activation 

(Adhikary and Eilers 2005; Cole and Nikiforov 2006). Studies have shown that the role of 

many of the activated target genes involve those that prepare a cell for S phase entry as 

this appear to be among the key functions of the Myc pathway activity and one that’s 

relevant for understanding tumorigenic process (Adhikary and Eilers 2005; Cole and 

Nikiforov 2006). Equally important is the ability of Myc to repress the expression of 

various target genes, some of which include genes encoding key cell cycle arrest proteins 

such as CDK inhibitors (p21 and p27), as well as additional tumor suppressor genes that 

act negatively to regulate the onset of proliferation (Claassen and Hann 1999; Gartel and 

Shchors 2003; Wanzel, Herold et al. 2003). Indeed, ectopic expression of many Myc 

repressed target genes have been shown to lead to defects in cell cycle progression and 

proliferation (Claassen and Hann 2000; Yang, Shen et al. 2001; Seoane, Le et al. 2002).   
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In contrast to the rich knowledge of the mechanisms of Myc activation of 

transcription, much less is known of the mechanisms mediating the repression of gene 

expression by Myc despite the clear significance of these events (Claassen and Hann 

1999; Gartel and Shchors 2003; Wanzel, Herold et al. 2003). It has been proposed that 

Myc may achieve transcriptional repression in part through indirect means such as 

protein-protein interaction with some additional co-factors such as MIZ1 or Sp1 (Gartel, 

Ye et al. 2001; Seoane, Le et al. 2002; Wu, Cetinkaya et al. 2003). Furthermore, recent 

studies have shown the ability of Myc to function through recruitment of histone 

modifying factors, or DNA methyltransferase, to possibly explain the conundrum of 

how a single molecule can act both as an activator and a repressor in the same cellular 

context (Brenner, Deplus et al. 2005; Kurland and Tansey 2008).  

Adding to this complexity is the recent identification of miRNAs as important 

contributors to Myc activity. mir-17-92 cluster, which encode 6 individual miRNAs have 

been recently demonstrated to be directly activated by Myc as a way to fine tune the 

activity of E2F1 (O'Donnell, Wentzel et al. 2005). This cluster, when co-expressed with 

Myc, functionally cooperates to lead to a more aggressive form of lymphoma, 

suggesting that these miRNAs may also contribute to the Myc pathway phenotype in 

tumorigenesis (He, Thomson et al. 2005). Furthermore, members of the mir-17-92 cluster, 

along with its paralogous cluster mir-106b-25, have been implicated in the control of the 

transforming growth factor beta (TGF-β) signal pathway, which is an important 
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antagonist of the Myc pathway, further suggesting a mechanism by which Myc can 

utilize miRNAs for the execution of its pathway activity (Petrocca, Vecchione et al. 2008). 

Along these lines, additional studies have demonstrated the functional significance of 

inhibiting components of the mir-17-92 cluster which lead to defects in cell proliferation 

or induction of apoptosis (Hayashita, Osada et al. 2005; Matsubara, Takeuchi et al. 2007; 

Fontana, Fiori et al. 2008; Mendell 2008; Yu, Wang et al. 2008; Pickering, Stadler et al. 

2009). Given the importance of Myc in determining such cellular fate through extensive 

yet, exquisite control over the activity of its target genes, it is reasonable to anticipate the 

existence of many more miRNAs downstream of Myc, which may also have reciprocal 

impact on various aspects of the Myc pathway activities. Indeed, recent studies have 

shown that repression of many miRNAs by Myc contribute to conferring cells with 

proliferative advantage in tumor cells (Chang, Yu et al. 2008; Gao, Tchernyshyov et al. 

2009). In this chapter, we set out to examine the role of miRNAs in impacting the Myc 

transcriptional network of normal proliferating cells through an integrative approach of 

examining the genome-wide expression profiles of messenger RNA (mRNA) and 

miRNA. By combined analysis of the two complementary data, we not only identify 

novel miRNAs that are induced by Myc, but also a regulatory connection that appears to 

ensure faithful execution of the Myc proliferative program by mediating the repression 

of key cell cycle arrest genes.  
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2.2 Results 

2.2.1 Gene Set Enrichment Analysis of the Myc Pathway 

As one approach to explore the molecular architecture underlying the Myc 

pathway, we focused on a previously generated gene expression profile that reflects 

changes in mRNA levels as a consequence of Myc activity (Bild, Yao et al. 2006). This 

expression signature includes genes whose level of expression increases as well as genes 

which are repressed by the action of Myc (Figure 4). Examination of the functional 

annotation of the group of genes that were induced by Myc demonstrated that many 

have known roles in metabolism and nucleotide biosynthesis, an aspect which has been 

previously established to be important for Myc mediated proliferation (Adhikary and 

Eilers 2005; Cole and Nikiforov 2006; Liu, Li et al. 2008). Although there was no 

predominant enrichment for specific biological annotation for genes that were repressed 

by Myc, they included many previously known Myc repressed target genes, such as 

Cyclin Dependent Kinase inhibitors (CDKIs), cell cycle arrest genes, as well as 

components of the TGF-β signaling pathway, etc., many of whose activity negatively 

affect the activity of the Myc pathway, suggestive of an active mechanism by which Myc 

represses the activity of these functionally related genes (Claassen and Hann 1999; 

Gartel and Shchors 2003; Wanzel, Herold et al. 2003).  

To focus on the mechanisms that underlie the generation of this Myc profile, 

including the genes induced or repressed by Myc, we made use of Gene Set Enrichment 
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Analysis (GSEA), a computational tool developed to derive biological significance from 

phenotypes reflected in transcriptional profiles reflecting two different phenotypes by 

utilizing various a priori established gene sets (Subramanian, Tamayo et al. 2005). These 

gene sets, many of which have been previously generated for the purpose of various 

biological investigations, are lists of genes that have common biological basis, generated 

through gene expression profiling studies of defined biological contexts, or regulatory 

sequence features identified through genome-wide bioinformatic analysis. These lists of 

genes individually define a single gene set, and there are currently more than 6000 gene 

sets stored in the database, and the list is continuously growing. Using these individual 

gene sets, GSEA identifies gene sets that are significantly associated with gene 

expression profile being interrogated, with the hope of getting further insight into the 

underlying biology of the data in question. GSEA is executed with multiple stringent 

statistical tests, including False Discovery Rates (FDR), calculated through permutations 

repeated 1000 times, to ensure that gene sets are identified significantly above random 

chance. 

Indeed, the tool has become a common practice in analyzing and interpreting 

gene expression profiles, with many important biological discoveries made through its 

use (Murohashi, Hinohara et al.; Vivanco, Palaskas et al. 2007; Alles, Gardiner-Garden et 

al. 2009; Ginestier, Wicinski et al. 2009).. However, many of these studies primarily 

focused on annotated gene set, which provides potential biological functions. In our case, 
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we focused on regulatory motif gene sets that were previously defined by species 

conservation as the basis for identifying functional transcription factor binding sites and 

miRNA binding sites (Xie, Lu et al. 2005), as we were interested in understanding the 

underlying regulatory architecture of the Myc pathway. In this case, individual gene sets 

consists of genes predicted to contain the regulatory motifs of interest, either 

transcription factor recognition sequences in the promoters, or miRNA targeting 

sequences in the 3’-UTR. For example, gene set, miR-21, consists of genes predicted to 

contain miR-21 targeting sequence in their 3’-UTRs. Likewise, gene set, V$MYC_Q2, will 

contain genes with Myc binding sequences in their promoters. 

Upon executing the analysis for the mRNA profile reflecting Myc pathway 

activity, we noticed, as is consistent with Myc as a transcription activator, there was a 

strong enrichment for canonical Myc binding sites within the group of genes that were 

activated by Myc (Figure 4). In contrast, the group of genes that were repressed by Myc 

did not exhibit any enrichment for Myc binding sites but rather a substantial enrichment 

for miRNA binding sites in their 3’-UTR sequences. A similar result was seen in a 

second independent dataset. This result suggested a possible contribution of miRNAs in 

mediating repression of Myc target genes.  

 

http://www.broadinstitute.org/gsea/msigdb/cards/V$MYC_Q2.html
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Figure 4: Representative heat map of top 50 genes that are differentially regulated by 

Myc as identified by the GSEA. Table, right, summary of top 10 results obtained 

through the GSEA analysis. Each column on the heat map represents replicate samples 

of designated biological status (Myc versus GFP control), with rows representing 

individual genes. Red, activation; blue, repression. Top table, right, summary of top10 

GSEA results for significantly enriched transcription factor (TF) or miRNA target site 

motifs of Myc repressed genes; bottom table, activated genes. 

2.2.2 Myc Induces Changes in microRNA Expression Profile 

To address a potential role for miRNAs in a Myc regulatory program, we made 

use of the same experimental approach to generate RNA samples that were used to 

generate the mRNA expression profiles, but now focusing on low molecular weight 

RNAs and hybridization to a miRNA microarray platform. We utilized LNA-based 

miRNA arrays (Exiqon) that have previously been shown to have high specificity and 



 
 

 
 

32 

sensitivity (Castoldi, Schmidt et al. 2006). As with mRNA expression profile, the 

microarray was performed in 10 experimental replicates for each condition (Myc off and 

Myc on), in order to minimize any variations that may result from technical or 

experimental noises. Differentially expressed genes were identified by assigning a 1, 0 

class to each phenotype and calculating correlation coefficient of individual miRNAs 

according to Myc status. Only genes with p-value of less than p<0.05 (see Experimental 

Procedures) were selected for further analysis. As depicted in Figure 5, a number of 

miRNAs displayed statistically significant correlation (p<0.05) with the status of Myc 

expression (for full list, see Table A4). Quantitative real-time PCR analysis on 9 selected 

miRNAs, preferentially activated by Myc, showed an overall good correlation with the 

microarray results, indicating that the results reflected by the microarray analysis were 

reliable (Figure 6). 
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Figure 5: miRNA expression profiles reflecting the activity of Myc. Heat map 

representing miRNA expression profile that differentially correlates with Myc (P < 0.05) 

with 10 replicate samples of indicated Myc status (Myc on versus off), whereas the 

individual miRNAs are depicted in each row. Red, induction; green, repression. The bar 

to the right of the heat map and the corresponding miRNA list reflect miRNAs that 

overlap with the GSEA results of miRNA motifs enriched in the Myc repressed genes. 
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Figure 6: qRT-PCR validation of results obtained from Myc miRNA expression 

profile. Several miRNAs which appear to be differentially expressed in miRNA 

expression profile data were selected to further validate their concordance using 

Taqman based real time PCR. (Indicated bar graph represents results from triplicate 

runs) 

Previous work has shown that members of the mir-17-92 cluster are a direct 

target of Myc. (O'Donnell, Wentzel et al. 2005) Indeed, the analysis depicted in Figure 4 

shows that members of this cluster of miRNAs, specifically mir-18a and mir-20a, were 

indeed activated by Myc. We also found induction of many miRNAs that were 

previously shown to be induced by serum (Gu and Iyer 2006; Medina, Zaidi et al. 2008), 

consistent with a role for Myc in the response to serum. We also observed overlap in 

several miRNAs that are induced by N-Myc (let-7f, mir-100, mir-221, mir-92, and 

members of the mir-17-92 cluster), raising the possibility that some miRNAs may be 

common target of both N-Myc and c-Myc (Schulte, Horn et al. 2008).  
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Table 1: List of Myc induced miRNAs and their predicted targets whose expression is 

also repressed by Myc. 

Predicted 

Targets 
microRNA Ref.  

CDKN1A miR-20a   

CDKN1B miR-221/222 
(le Sage, Nagel et al. 2007; Visone, Russo 

et al. 2007; Medina, Zaidi et al. 2008)  

CDKN1C miR-221/222 
(le Sage, Nagel et al. 2007; Visone, Russo 

et al. 2007; Medina, Zaidi et al. 2008)  

CYLD miR-130a   

IRF1 miR-130a, miR-20a, miR-23b   

PTEN miR-20a, miR-23b, miR-193b   

RB1 miR-20a   

SMAD2 miR-18a, miR-18b   

SMAD3 miR-23b (Rogler, Levoci et al. 2009)  

TSC1 miR-130a    
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Figure 7: Overlap in the list of GSEA predicted miRNAs and Myc induced miRNAs as 

identified through miRNA expression profiling. The green circle represents number of 

miRNA motif gene sets identified in the GSEA to be enriched in the population of Myc 

repressed genes, while the orange circle represents number of miRNA induced by Myc. 

The number in between is number of overlap between GSEA predictions and actual 

miRNA observed to be induced by Myc miRNA expression profile.  

Most importantly, a large proportion of miRNAs that were seen to be induced as 

a result of Myc had a significant overlap with miRNAs which were predicted by GSEA 

to target Myc repressed mRNA, further suggesting that miRNAs induced by Myc may 

participate in mediating repression of Myc target genes (Figure 7). To further examine 

the functional implications of Myc induced miRNAs to Myc pathway activity, we chose 

to focus on miRNAs whose average raw expression value was at least twofold above 

background (mir-18a, mir-20a, mir-100, mir-183, mir-193b, mir-130a, mir-221, mir-222, 

mir-23b). Examination of the predicted targets of these miRNAs, also repressed by Myc 
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as reflected in the Myc expression profile, revealed a potential connection between the 

Myc induced miRNAs with Myc targets which play a role in cell cycle progression 

(Table 1). For example, the Myc-induced mir-20a is predicted to target the cyclin 

dependent kinase inhibitor p21 (CDKN1A), a gene encoding a negative regulator of cell 

cycle progression. Likewise, Myc induces the expression of mir-221 and mir-222 which 

are predicted to target p27 and p57 (CDKN1B, CDKN1C), additional CDKis that have 

prominent roles in triggering cell cycle arrest. As mir-221/222 - p27 and p57 connection 

has been well established, this further supports a widespread mechanism of Myc 

induced miRNAs in suppressing the expression of key cell cycle arrest genes (le Sage, 

Nagel et al. 2007; Visone, Russo et al. 2007; Fornari, Gramantieri et al. 2008; Medina, 

Zaidi et al. 2008). Taken together, our integrated analysis of miRNA and mRNA profile 

suggests that, in additional to the induction of various protein-encoding genes that 

mediate cellular proliferation, Myc induces a series of miRNAs that inhibit genes 

responsible for negative control of cellular proliferation.  

2.2.3 Myc-induced microRNAs Impact Cellular Proliferation 

To directly address the role of Myc-induced miRNAs in facilitating the induction 

of cell proliferation, we made use of asynchronously growing normal WI38 fibroblasts, 

as these cells have largely intact cell cycle machinery. As a control, we first assessed the 

extent to which inhibition of Myc would reduce the proliferation capacity of these cells. 
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As shown in Figure 8A, inhibition of Myc displayed a marked decrease in proliferation 

as measured by Bromodeoxyuridine (BrdU) incorporation. We then measured the effect 

of inhibition of various miRNAs that were induced by Myc. Inhibition of mir-20a by 

anti-sense oligos led to a modest reduction in proliferation in WI38 fibroblasts, as 

previously shown in other cell types (Figure 8A) (Pickering, Stadler et al. 2009). 

Inhibition of mir-18a had little impact on the proliferation of WI38 fibroblasts and 

likewise for mir-130a (Figure 8B). However, inhibition of mir-23b and mir-193b led to a 

marked defect on proliferation, both as assessed visually through the microscope, as 

well as through BrdU quantification, with the mir-193b inhibition leading to a most 

profound effect. Since it is possible that the function of the Myc-induced miRNAs could 

be at least partially redundant, we also examined whether the combined inhibition of 

miRNAs with multiple targets would have greater impact. Indeed, when the miRNAs 

were inhibited in combination, the effect was more pronounced as shown in Figure 8C. 

This was not due to increase in the concentration of 2’-O methyl oligos as transfecting 

same concentration of single miRNAs did not affect further brdU incorporation (data 

not shown). Taken together, we conclude that Myc induced miRNAs, either individually 

or collectively, impact the cell proliferation by targeting various cell cycle arrest genes.  
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Figure 8: Impact of Myc-induced miRNAs in proliferation. Ability of the following 

experimental treatments to impair proliferation in normal WI38 fibroblasts was 

determined by immunostaining after 1-h pulse labeling with BrdU. Top, representative 

images of BrdU- and 4′,6-diamidino-2-phenylindole (DAPI)-labeled WI38 fibroblasts 

under the fluorescent microscope are shown on top. The bar graph on the right side of 

the images depicts quantification of average ratio of BrdU-positive cells normalized to 

the number of DAPI-positive cells counted across multiple fields. Columns, mean of 

three independent experiments; bars, SEM; *, P < 0.05; **, P < 0.005, two-tailed t test. A, 

small interfering RNA targeting Myc and ASO targeting miR-20a serve as a positive 

control. B, effect of inhibiting miR-18a, miR-23b, miR-130a, and miR-193b on BrdU 

incorporation was assessed by transfecting 400 nmol/L of anti-sense inhibitors. C, 

combined inhibition of Myc-induced miRNAs (miR-20a/miR-130a and miR-20a/130a/23b) 

was examined. 
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Figure 8 (continued) 
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Figure 8 (continued) 
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2.3 Methods 

2.3.1 Cell Culture 

Human Mammary Epithelial Cells (HMECs) were derived from breast reduction 

surgery as previously described (Stampfer, Hallowes et al. 1980). Resulting HMECs 

were grown in MEBM (HEPES buffered) supplemented with ‘bullet kit’ (Clonetics), 

5g/ml transferrin and 10-5M isoproterenol at 3% CO2. Prior to infection with recombinant 

adenovirus expressing Myc or GFP, cells were grown in 0.25% serum starvation media 

(without EGF) for 48 hours. WI38 fibroblasts and Hela were maintained in DMEM 

media with 10% Fetal Bovine Serum in 5% CO2.  

2.3.2 microRNA Expression Profile 

Experiments for generating miRNA expression profiles reflecting MYC activities 

were carried out as previously described (Bild, Yao et al. 2006). For RNA preparation, 

mirVana miRNA Isolation Kit (Ambion) was used to extract total RNA retaining smaller 

RNA population. Concentration and the quality of the resulting RNA was assessed both 

through NanoDrop (Thermo Scientific) and Agilent 2100 bioanalyzer. For miRNA array 

hybridization, 5ug of total RNA were labeled with miRcury LNA miRNA labeling kit 

(Exiqon) following the manufacturer’s protocol. Hy5 fluorescent label (Red Channel) 

was used to label experimental samples while Hy3 fluorescent label (Green Channel) 

was used to label reference RNA which consists of collection of RNAs pooled from 
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various different tissues including lung, breast, brain, heart and prostate (Ambion). 

Spike-in controls provided by the vendor (Exiqon) was mixed into samples before 

labeling with respective dyes. The individual RNAs labeled with Hy5 and Hy3 probes 

were mixed and hybridized onto Exiqon arrays overnight in MAUI chamber. 

Subsequently, the arrays were washed three times and scanned with Genepix 3.0 

scanner by adjusting the intensity of the green and red channel so that the ratio of the 

spike-in controls is 1.  

2.3.3 Data Analysis 

2.1.4.1 GSEA 

Myc expression profile which was previously generated on an U133 plus2.0 

array (GSE3151) was MAS5 normalized with R. Software to implement Gene Set 

Enrichment Analysis was downloaded from Broad Institute website 

(http://www.broad.mit.edu/gsea). The samples were given phenotypic label depending 

on the Myc status and C3 gene set was selected for the analysis (Xie, Lu et al. 2005). The 

detailed description of the parameters used to run the analysis is provided in the Table 

S6. Gene sets whose nominal p values <0.05 and FDR <0.25 were considered to be 

significant for further investigation.  

2.1.4.2 microRNA profile 
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The resulting GPR files were loess normalized using the Limma package in R 

(www.r-project.org) (Smyth and Speed 2003). All the control probes were removed from 

further analysis as these did not impact the downstream analysis. The normalized data 

were labeled 1 or 0 depending on the status of Myc. We correlated the Myc status with 

each miRNA probe and calculated the p-value of the significance of the observed 

correlation against a null hypothesis of no correlation.  

2.3.4 Transfection 

Cells were split 24 hours prior to all transfection assays at a confluence of 50-70%. 

For inhibition of miRNA functions, 2’-O-methyl anti-sense oligos targeting mir-18a, mir-

20a, mir-23b, mir-130a, mir-193b, and mir-302c were obtained through Integrative DNA 

technology (IDT). For c-Myc inhibition, ON-TARGET plus siRNA was obtained through 

Dharmacon. For luciferase assay, miRNA mimics of mir-23b and mir-193b, along with 

negative control oligos (Cat#: CN-001000-01-05), were purchased from Dharmacon. For 

transfection of oligos and plasmids, 5-10 ul of lipofectamine 2000 was used and the 

instructions were followed according to the protocols provided by the manufacturer 

(Invtirogen) in a 6-well plate format. 2’-O methyl anti-sense oligos were transfected at a 

concentration of 400nM and the mimics were co-transfected at 200nM with psiCHECK-

PTEN 3’UTR vector (400ng) (Promega). For the transfection of combinatorial inhibition 

of miRNAs in WI38 fibroblasts (Figure 6), 200nM of indicated 2’-O-methyl oligos were 
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used. For ectopic PTEN expression, 1 ug of plasmids containing either a full length 

PTEN (Origene) or mir-23b and mir-193b mutant PTEN-3’UTR were co-transfected with 

200nM of corresponding miRNA mimics. For Myc inhibition, 100nM of siRNA targeting 

Myc was used prior to measurement of proliferation.  

2.3.3 BrdU 

BrdU immunostaining. Effect of cell proliferation upon inhibition of miRNAs 

were examined by assessing the relative ratio of BrdU positive cells in an 

asynchronously growing culture of normal WI38 fibroblasts (DMEM+10% FBS). 24 hours 

after 1.5 x 105 cells were split into a 6-well plate, cells were either mock transfected or 

transfected with 2’-O-methyl anti-sense oligos targeting specific miRNAs. To achieve a 

steady-state inhibition of individual miRNAs and also to avoid contact inhibition upon 

confluence, the transfection protocols were repeated 48 hours after the initial 

transfection after being split into the ratio of 1:3. The cells were pulsed labeled for 1 hour 

with 10uM of BrdU 24 hours after the second transfection, and the immunostaining 

protocol was carried out as previously reported (Smith, Leone et al. 2000). Briefly, cells 

were washed with ice-cold PBS and fixed with 1% formaldehyde, denatured with 1N 

HCL, and stained with primary anti-brdU (GE Healthcare Lifescience), followed by 

Horse anti-mouse IgG-Texas red conjugated antibody (Vector Laboratories) incubation. 

During the wash steps, the cells were labeled with DAPI to stain for nuclei and 
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visualized with fluorescent microscope (Leica). Multiple fields for each staining was 

counted and averaged for BrdU positive and DAPI positive cells. Ratio of each staining 

was calculated to assess population of cells with BrdU incorporation. Each assay was 

carried out in three independent experiments.   

2.4 Discussion 

Decision to proliferate is an all or none decision and therefore, requires a precise 

of coordinated regulation of numerous cellular signaling pathways before the cell can 

fully commit to its completion. Once the cell is provided with sufficient growth 

stimulation, which sensed by various growth factors receptors and is conveyed through 

cascade of mitogentic signaling events, it will leave the quiescent state to enter into cell 

cycle. Myc is known to play critical role in making this transition (Meyer and Penn 2008). 

The expression of the Myc gene, and the accumulation of the Myc protein, is tightly 

regulated by the stimulation of cell growth and leads to the activation of a large array of 

genes that provide the essential activities for a normal proliferative process (Coller, 

Grandori et al. 2000; Patel, Loboda et al. 2004; Bild, Yao et al. 2006; Liu, Li et al. 2008). 

Given this critical role for Myc, many studies have focused on both the mechanisms 

controlling Myc expression as well as the mechanisms by which Myc activity establishes 

and controls these proliferation and cell fate decisions (Pelengaris, Khan et al. 2002).   
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High-throughput expression profiling to assess the global mRNA expression in 

various contexts of the Myc signaling, coupled with genome-wide chromatin interaction 

assays, has further established a role for Myc in the activation of a vast array of protein-

coding genes that enable a proliferation program (Claassen and Hann 1999; Gartel and 

Shchors 2003; Wanzel, Herold et al. 2003). It is also clear that other genes are repressed 

as a function of Myc activity, including genes that negatively regulate cell proliferation 

(Claassen and Hann 1999; Gartel and Shchors 2003; Wanzel, Herold et al. 2003). Adding 

to this complexity is the realization that a variety of non-coding miRNAs are also 

regulated by Myc and have been shown to target a number of key cellular regulatory 

genes (O'Donnell, Wentzel et al. 2005; Chang, Yu et al. 2008; Chang, Zeitels et al. 2009; 

Gao, Tchernyshyov et al. 2009). The study we report here extends these observations 

and importantly, now integrates the analysis of Myc in the control of miRNA expression 

within the overall context of a mRNA regulatory pathway important for the 

establishment of a proliferative state in a normal cell.  

The significance of Myc-mediated repression has long been recognized, both in 

the context of normal cellular physiology, as well as in the cellular transformation 

context, as many of the repressed target genes represent those that play negative roles in 

the Myc pathway activity (Claassen and Hann 1999; Gartel and Shchors 2003; Wanzel, 

Herold et al. 2003). Despite extensive investigation, there appears to be not one single 

mechanism to explain how Myc achieves this function. Rather, various epigenetic, as 
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well as indirect protein-protein interaction mechanisms have been reported to contribute 

to this process (Claassen and Hann 2000; Gartel, Ye et al. 2001; Satou, Taira et al. 2001; 

Wu, Cetinkaya et al. 2003; Brenner, Deplus et al. 2005; Kurland and Tansey 2008). For 

example, p27 has been established as a repressed target of Myc important for 

antagonizing cell cycle progression, and various models have been proposed as to how 

this may be achieved (Yang, Shen et al. 2001). Based on our data, induction of miR-221 

and miR-222 by Myc may also be involved in ensuring repression of these genes at a 

post-transcriptional level. In fact, numerous studies have linked the role of these 

miRNAs in controlling proliferation by targeting p27 and p57, and our results are not 

only consistent with these results, it places these miRNAs in a context where they may 

do so by acting downstream of Myc.  

Likewise, repression of p21 by Myc has long been a topic of interest and our data, 

as verified by others, suggests another venue by which Myc keeps the level of this 

protein low(Seoane, Le et al. 2002; Wu, Cetinkaya et al. 2003). Indeed, inhibiting some of 

these Myc induced miRNAs in an actively growing culture of normal human fibroblast 

cells, functionally mimics that of ectopically expressing these genes. In addition to those 

with previously known roles in proliferation, we also identify several novel miRNAs 

which contributes to proliferation, namely miR-23b and miR-193b, with the latter having 

the most dramatic effect on the overall proliferation as measured by BrdU incorporation. 

While the exact targets responsible for proliferation defects has not been investigated, 
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our integrative genomic analysis, as well as results obtained in the subsequent chapter 

suggests that PTEN, among others, may also contribute to the observed phenotype. 

PTEN, in addition to known role in apoptosis, has been shown to lead to cell cycle arrest 

like phenotype when ectopically expressed. Further investigation will be necessary to 

uncover target genes that may explain the phenotype (Weng, Brown et al. 2001; Zhu, 

Kwon et al. 2001; Radu, Neubauer et al. 2003). 

Lastly, we find that combined inhibition of the Myc-induced miRNAs lead to a 

more pronounced decrease in proliferation. This suggests that these miRNAs may play 

synergistic roles in contributing to the cell proliferation. A recent study has shown that 

in fact, 28 miRNAs can target p21 and regulate its expression, further revealing the 

complexities (Wu, Huang et al.).Taken together, in this chapter, we provide further 

validations to the notion that Myc utilizes miRNAs to orchestrate transcriptional 

program to allow into proliferation.  
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3. Roles of Myc-induced miRNAs in Myc-induced 
Apoptosis 

3.1 Rationale 

Among the critical cell fate decisions that a cell makes upon engagement with 

threats to its genetic integrity, for the sake of tissue homeostasis is programmed cell 

death, also known as apoptosis. While cell death pathway is triggered by numerous 

events, such as viral infection, or UV irradiation, another mechanism by which it is 

activated is through oncogenic insults, such as those posed by Myc. This Myc-induced 

apoptosis serves as mechanism to prevent cell from undergoing unwarranted cell 

proliferation, and defects in apoptotic pathways is proposed as one of the prerequisites 

for tumorigenesis (Hanahan and Weinberg 2000; Hoffman and Liebermann 2008). The 

observation that expression of Myc, a gene known to primarily be involved in 

proliferation, can sensitize cells to cell death was made almost two decades ago, in a 

culture of primary fibroblast grown in the absence of growth factors or serum and 

induced with Myc expression. It is now well established that Phosphoinositide 3-kinases 

(PI3K)/Akt pathway activity is central to this process. PI3K pathway is activated through 

mitogenic stimulation and provide survival signals in the context of normal cellular 

proliferation (Pelengaris, Khan et al. 2002). Phosphatase and Tensin homolog (PTEN), 

among the most frequently mutated genes in cancer, acts as an important regulator of 

the cell survival by antagonizing PI3K activity (Di Cristofano and Pandolfi 2000). Ectopic 
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expression of PTEN in both normal and cancer cells have been shown to induce cell 

cycle arrest or apoptosis depending on the cellular context. Based on the results obtained 

in the previous chapter, we noticed PTEN as a predicted target of three miRNAs that 

were induced in the Myc miRNA expression profile, expression of which was also 

repressed upon examination of the mRNA expression profile. Given the tight link 

between Myc and PI3K pathway in dictating survival, as well as established role of 

PTEN as a potent antagonist to the PI3K pathway, we decided to further investigate the 

involvement of Myc induced miRNAs in control of cell survival.  

3.2 Results 

3.2.1 Myc-induced miRNAs Target PTEN 

In the previous chapter, we describe integrating the analysis of Myc mRNA and 

miRNA expression profile, which suggested a role for miRNAs in mediating the 

repression of Myc target mRNAs and promoting proliferation. Among the list of genes 

which were found to be repressed by Myc, but which were also predicted target of Myc 

induced miRNAs was PTEN (Table 1). Given the role for PI3K in providing survival 

signal for Myc induced proliferation, and PTEN being a strong antagonist to Myc 

activity, we were interested in further pursuing this relationship. We further confirmed 

that PTEN protein levels had also decreased in the Myc expressing Human Mammary 

Epithelial Cells (HMEC) relative to GFP controls, through western blot analysis (Data 
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not shown). We chose to focus on mir-23b and mir-193b, miRNAs not implicated in the 

control of PTEN regulation, by first determining if these miRNAs did indeed target 

PTEN. To this end, we cloned the initial 2.2 kb fragment of the PTEN 3’-UTR sequence 

spanning the miRNA target sites upstream of the Renilla luciferase construct. This 

construct served as a reporter for miRNA targeting by measuring the extent to which 

there was a reduction in the luciferse activity following co-introduction of mir-23b and 

mir-193b. As shown in Figure 9, expression of mir-23b and mir-193b mimics each led to 

a substantial reduction in luciferase activity with the construct containing wild-type 

PTEN 3’-UTR (blue) relative to the control miRNA, while having little or no impact on 

the 3’-UTR that have mutation in the designated target sites (red), indicating that these 

miRNAs do indeed target PTEN.  
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Figure 9: Dual luciferase reporter assay to assess the extent to which miR-23b and 

miR-193b target PTEN 3′-UTR. Top Panel) There are two conserved miR-23b sites and 

one semiconserved miR-193b site in the PTEN 3′-UTR. Bottom) 3′-UTR of either wild-

type (WT) or bp-substituted mutant constructs were introduced (as indicated in the 

boxes on top), in conjunction with corresponding miRNA mimics as indicated to assess 

the ability of the respective miRNAs to specifically repress PTEN 3′-UTR activity as 

measured by Renilla luciferase activity. Each assay was normalized to Firefly luciferase 

activity. Each bars represent mean of three independent experiments; with SEM. (**, P < 

0.005, two-tailed t-test.) 

3.2.2 Inhibition of Myc-induced miRNAs Leads to Increase in Myc-

induced Apoptosis Through Regulation of PTEN 

To test whether these miRNAs may play a role in apoptosis by regulating PTEN 

levels in the context of Myc induced apoptosis, we made use of mouse embryonic 

fibroblasts (MEFs) that stably express the Myc oncogene (Myc-MEF) (Mori, Chang et al. 
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2009). As shown in Figure 10, there was a strong induction of cell death in these Myc-

expressing cells upon serum withdrawal, as measured by Caspase-3 assay using flow 

cytometry. Furthermore, this apoptosis was mirrored by the inhibition of the PI3K 

inhibitor LY290024 in the presence of 10% serum, also confirming the role of PI3K 

signaling in Myc induced apoptosis (Figure 10) (Kauffmann-Zeh, Rodriguez-Viciana et 

al. 1997). Finally, consistent with the role of PTEN in antagonizing PI3K activity, we saw 

an increase in apoptosis for those cells that were ectopically expressing PTEN, 

suggesting that this Myc-MEF model can be utilized to dissect the Myc induced 

apoptosis phenotype (Figure 10).  

 

Figure 10: Role of Myc-induced miRNAs in Myc-induced apoptosis. Stable cell line 

constitutively expressing Myc derived from MEF (Myc-MEFs) was tested for its ability 

to recapitulate Myc-induced apoptosis by (A) adding different concentration of 

indicated serum dose, (B) inhibiting PI3K signaling by 20 μmol/L of PI3K inhibitor 

LY294002 in 10% serum, or (C) by ectopic introduction of PTEN in 10% serum. Columns, 

mean of three independent experiments; bars, SEM. *, P < 0.05, two-tailed t test. 
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To directly assess the role of the Myc-induced miRNAs predicted to target 

PTEN in controlling the induction of apoptosis, we blocked the activity of mir-23b and 

mir-193b with the use of 2’-O-methyl anti-sense oligos in the Myc-MEFs. Consistent with 

the role of PTEN in apoptosis (Figure 11), the inhibition of mir-193b, and to a lesser 

degree mir-23b, led to an increase in the fraction of the apoptotic cells. The effect was 

specific because transfection of the same concentration of mir-302c (Figure 11) or mir-18a 

(data not shown), miRNAs not predicted to target PTEN, had no effect on the level of 

apoptosis. Western blot analysis indicated that indeed, PTEN levels were elevated upon 

inhibition of mir-23b and mir-193b, suggesting that the phenotype observed is specific to 

PTEN activity.  

 

Figure 11: Effects of anti-sense–mediated inhibition of Myc-induced miRNAs on 

Myc-induced apoptosis. ASOs targeting indicated miRNAs were transfected in Myc-
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MEFs asynchronously growing in 10% serum and collected 48 h posttransfection. miR-

302c was transfected as a negative control along with the Mock transfected. Percentage 

of cells undergoing apoptosis was assessed by measuring the cleavage of caspase-3 

activity as assessed by flow cytometry. Columns, mean of three independent 

experiments; bars, SEM. *, P < 0.05, two-tailed t test. 

 To further assess whether PTEN-induced apoptosis in the context of Myc 

activation can be rescued by these PTEN targeting miRNAs, we co-transfected a PTEN 

construct with full length wild type 3’-UTR, in combination with either a control miRNA 

mimic or miRNA mimics of mir-23b and mir-193b. While introduction of mir-23b and 

mir-193b mimics with PTEN, respectively, greatly reduced % of cells undergoing 

apoptosis, control miRNA mimic did not have an impact on PTEN mediated apoptosis 

(Figure 12). To further test the specificity of the ability of mir-23b and mir-193b to rescue 

apoptosis induced by relieving PTEN expression, we generated mutant constructs that 

contain three base-pair substitutions in the corresponding miRNA binding sites in their 

3’-UTR. Indeed, when we co-introduced mir-23b or mir-193b with the either a wild-type 

PTEN or a mutant PTEN construct, the mutant constructs escaped the rescue and led to 

an increase in apoptosis relative to the wild-type construct (Figure 12). Based on these 

results, we conclude that Myc induces a group of miRNAs that contribute to a 

proliferation program by not only inhibiting the expression of anti-proliferative genes 

but also by blocking the activity of PTEN, thus allowing activation of PI3K and the 

provision of cell survival signals. 
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Figure 12: Suppression of PTEN-induced apoptosis by miR-23b and miR-193b. Top) 

Indicated miRNA mimics, along with PTEN expression vector, were cotransfected to 

assess the extent to which either miR-23b or miR-193b can rescue PTEN-induced 

apoptosis. Subsequent % of cells undergoing apoptosis was assessed by flow cytometry. 

Bottom) PTEN constructs containing either an intact 3′-UTR or three bp substitutions for 

miR-23b binding sites or miR-193b binding site were co-transfected along with 

corresponding miRNA mimics. 
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Figure 12 (Continued) 

3.3 Methods 

3.3.1 Cell Culture 

Mouse Embryonic Fibroblast (MEF) harboring c-Myc (Myc-MEFs) were generated as 

previously described and cultured in 10% FBS with 5ug/ml puromycin at 5% CO2 (Mori, 

Chang et al. 2009).  

3.3.2 Luciferase Assay 

3’ UTR sequence of the PTEN was retrieved through NCBI nucleotides 

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=nuccore). RNA obtained from HMECs 

through methods described above was converted to cDNA using Superscript III 

(Invitrogen). Subsequent PCR product was generated using primers flanking PTEN 3’ 

UTR. The primers were designed to flank XhoI and NotI restriction sites, which was 
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directly cloned into siCHECK-2 Vectors (Promege). Site directed mutagenesis was 

carried out by using GeneTailor Site-Directed Mutagenesis System (Invitrogen) 

according to the manufacturer’s protocol, and the cloned product was verified by 

sequencing.  

3.3.3 Transfection 

Dual luciferase assay was carried out by co-transfecting HeLa cells with either the wild-

type or the mutant luciferase construct, in combination with designated miRNA mimics 

(Dharmacon), and harvested according to the manufacture’s protocols (Promega). All 

luciferase assays were carried out in Hela cells 24 hours post-transfection in three 

independent experiments. Renilla luciferase activity was normalized to firefly luciferase 

to control for transfection variation. 

3.3.4 Caspase-3 Cleavage Assay 

To establish Myc-MEFs as an appropriate model to recapitulate Myc-induced apoptosis, 

the cells were either grown in the medium containing 0.5, 1, 2, 5, 10% serum, or 20uM of 

LY294002 or equivalent amount of DMSO. Active Caspase-3 staining assay (BD 

Pharmingen) was carried out according to manufacturer’s protocol. Apoptosis upon 

transfection of either PTEN construct with full length 3’-UTR (Origene), or 2’-O-methyl 

oligos inhibiting the activity of mir-20a, mir-23b, mir-193b, and mir-302c was also 

determined. The latter was used as an internal control, alongside mock transfection. 
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Floating cells, as well as attached cells were collected 48 hours after transfection. Cells 

stained with PE-conjugated anti-Caspase-3 were subject to flow cytometry analysis on 

Canto II (BD Pharmingen) and subsequent data was analyzed on the flow cytometry 

analyzing software (Flowjo). Fraction of cells which were labeled positive for PE-

staining was determined and was considered to be apoptotic.  

3.4 Discussion 

 It has long been observed that, in normal cellular context, cell proliferation is 

tightly linked with cell cycle arrest, senescence or cell death, as a way to avoid any 

unwarranted cellular proliferation, such as those under the presence of DNA damage, 

replicative stress, or oncogenic insults (Everett and McFadden 1999; Hoffman and 

Liebermann 2008). For example, Ras pathway, which is a potent upstream signaling that 

is central for providing mitogenic signals for proliferation, when inappropriately 

activated, lead to cellular scenesence, an irreversible state of cell cycle arrest, through 

activation of CDKN2A(p16) (Serrano, Lin et al. 1997). Similar mechanisms exists for Myc 

and the observation that Myc, a well known proliferation gene, as described in the 

previous chapter, can also induce apoptosis comes from a study carried out almost two 

decades ago in a normal Rat fibroblasts, grown in the absence of growth factors or 

serum (Evan, Wyllie et al. 1992). Since then, there has been a great deal of interest in 

understanding the mechanism behind this observation. Studies have now delineated a 
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role for the PI3K/Akt pathway in providing cell survival signals, blocking the induction 

of p53-mediated apoptosis as part of a normal proliferative process (Pelengaris, Khan et 

al. 2002). As PI3K signaling suppresses Myc induced apoptosis, this then argues that 

Myc pathway, in the absence of PI3K pathway, must be driven by two conflicting signals, 

with one arm driving the expression of proliferation genes, while on the other with 

apoptotic genes. Furthermore, it has been demonstrated that region of Myc which is 

required for transcription, is also responsible for Myc driven apoptosis, as creation of 

mutants in this region failed to induce apoptosis (Chang, Claassen et al. 2000). This then 

raises an important conundrum of how does Myc, when engaged in driving 

proliferation, negate apoptotic signals. A recent study has proposed that PI3K/Akt 

pathway can suppress the expression of apoptotic genes in the E2F1 pathway (Hallstrom, 

Mori et al. 2008), and given the common role for PI3K signaling in providing survival 

signal, it is tempting to speculate that similar mechanisms may also exist for the Myc 

pathway.  

Based on the results described in this chapter, we find that miRNAs may 

contribute to the Myc induced proliferation by targeting PTEN, a well-established 

antagonist of PI3K pathway. This PTEN repression by Myc induced miRNAs allows 

PI3K to provide survival signal necessary for Myc pathway to execute the proliferation 

and avoid apoptosis. Indeed, key activity of PTEN is to guard the cell from genetic 

insults that has the potentials to lead to development of a malignant state by causing 
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either cell cycle arrest or apoptosis (Yin and Shen 2008). Given such critical roles, cell is 

highly sensitive to even the slightest perturbations in PTEN levels as inactivation of even 

one allele of the gene was shown to lead to dramatic impact on cell survival and 

proliferation. (Di Cristofano, Kotsi et al. 1999)   Furthermore, PTEN loss-of-

heterozygosity (LOH) occurs at a high frequency in wide spectrum of human cancer, 

highlighting the importance of regulation of this gene. (Di Cristofano and Pandolfi 2000) 

Interestingly, PTEN has a very large 3’-UTR with numerous conserved predicted targets 

sites for miRNAs. As proposed roles for miRNAs are in fine regulation of gene 

expression, perhaps this post-trancriptional regulation constitutes an important aspect of 

fine tuning the control of PTEN levels. Indeed, prior to and after this study has been 

published, a number of groups have identified additional miRNAs that target PTEN in 

controlling apoptosis, drug sensitivity etc (Chun-Zhi, Lei et al.; He; Kim, Huang et al.; 

Mavrakis, Wolfe et al.; Xiao, Srinivasan et al. 2008; Yang, Kong et al. 2008; Huse, 

Brennan et al. 2009). Furthermore, a recent study has described the existence of a PTEN 

decoy gene, which PTENP1, which is a non coding mRNA pseudogene of PTEN, and 

can regulate the levels of PTEN by titrating away PTEN targeting miRNAs to alleviate 

PTEN repression. This suggests that miRNA regulation of PTEN occurs at multiple 

levels and underscores their relationship.  

Results described in this chapter not only adds to the growing list of miRNAs 

that control expression of this important key tumor suppressor gene, but also shed 
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mechanistic insights into how Myc coordinates expression of PTEN by induction of 

miRNAs, to balance cell proliferation from cell death, by directly suppressing PTEN 

levels in the context of normal cellular proliferation. Taken together with the results of 

previous chapter, we propose a novel mechanism by which Myc regulates both the 

expression of anti-proliferative genes such as the CDK inhibitors and Rb, as well as the 

level of PTEN to evade apoptosis, through the action of Myc-induced miRNAs.  
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4. Integrative Analysis of the E2F Pathway Reveals a 
Role for microRNAs in Temporal Regulation of cyclin E 

4.1 Rationale 

Control of cell proliferation is one of the defining properties of a living cell, as 

this involves successive transmission of intact genetic information to the progeny (Li, 

Long et al. 2004). This process, driven by distinct stages of the cell cycle, is the result of 

highly complex network of signaling pathways and gene regulatory decisions that 

eventually enable faithful DNA replication and mitosis. Given such importance, highly 

sophisticated means exist to coordinate the expression of large number of genes 

involved in this process, both spatially and temporally, to ensure that its genetic material 

is faithfully passed onto its daughter cells. Therefore, understanding how this is 

achieved is a question of fundamental importance and has been an active area of 

research for a long time.  

In mammalian cells, Rb/E2F pathway has highlighted role in this process as 

many of its constituents have been found to be the rate-limiting step in cell cycle 

progression (Nevins 2001; Yao, Lee et al. 2008). Aberrations in a number of these 

components are found to be commonly associated with tumorigenesis, underscoring the 

importance of achieving mechanistic understanding, as well as identification of its 

downstream targets. Through many decades of work, we know that upon cellular 

engagement with appropriate growth stimulating signals, various upstream signaling 
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cascades are triggered which eventually converges by phosphorylating Rb, which then 

releases E2F transcription factors for their transcriptional engagement, during which cell 

enters the S phase of the cell cycle. Once activated, E2F targets many genes, including 

members of the DNA replication machinery, CDKs, cyclins, and mitotic genes (Ishida, 

Huang et al. 2001). Different members of cyclins are known to take part at different 

times during the cell cycle. For example, cyclin D is activated early at G1 phase, binds to 

Cyclin Dependent Kinase 6 (CDK6) to form a complex that phosphorylates Rb 

(Resnitzky and Reed 1995). Another member of the cyclin family, cyclin E, accumulates 

rapidly as a result of E2F activation, and acts as a licensing factor for DNA replication. 

Another pivotal role for cyclin E is in its ability to form a complex with CDK2 and 

further phosphorylate Rb, as a mechanism to further reinforce E2F activation. 

Functional studies have demonstrated that overexpression of cyclin E can lead to 

cell cycle defects, including defects in mitosis (Keck, Summers et al. 2007). Cyclin E is 

also known to be associated with bad prognosis in cancers (Keyomarsi, Conte et al. 1995). 

As such, expression of cyclin E is very tightly regulated (Resnitzky and Reed 1995). 

Serum stimulation experiments, combined with biochemical assays have shown that 

cyclin E expression increases dramatically at the G1/S phase, followed by a sharp decay. 

How the cell achieves the ability to regulate cyclin E expression in such a tight manner 

has been a topic of great interest. One mechanism that accounts for this is the existence 

of ubiquitin ligase machinery that degrades cyclin E that is unbound to CDK2, leading 
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to rapid protein turnover (Strohmaier, Spruck et al. 2001). Another is through 

transcriptional control of E2F1, which is also under a tight temporal control, drives the 

transcription of cyclin E, serving as yet another mechanism to ensure that cyclin E 

expression is switched off at the right moment (Koff, Cross et al. 1991; Dulic, Lees et al. 

1992; Singer, Gurian-West et al. 1999). These mechanisms allow an elaborate temporal 

control of cyclin E expression.  

Another group of E2F targets whose significance has only recently been 

emerging are miRNAs. Given the extensive role for E2F in controlling gene expression, it 

is anticipated that miRNAs may also be involved in the regulation of the pathway 

activity (Bueno, Gomez de Cedron et al.; Lize, Pilarski et al.; Sylvestre, De Guire et al. 

2007; Yang, Feng et al. 2009). Indeed, there are now a number of miRNAs that are 

known to act in the E2F pathway. Members of miR-17-92 have been shown to be direct 

targets of E2F, which in turn, targets the E2F proteins themselves, providing an 

autofeedback to its own expression (Sylvestre, De Guire et al. 2007). Interestingly, Myc, 

which is an upstream activator of E2F, is also known to target mir-17-92, which in turn 

targets E2F, forming a feedforward loop (O'Donnell, Wentzel et al. 2005). These results 

suggest the existence of multiple layers regulators to fine-tune the expression of E2F.  

A more recent study has shown that in fact, E2F induces a number of cell cycle 

regulated miRNAs, which targets known positive regulators of cell cycle, including 

cyclin E, cyclin D. Inhibition of these miRNAs led to an increase in γ-H2AX, a marker for 
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DNA damage, leading them to propose a role for E2F induced miRNAs in preventing 

replicative stress. These suggest that miRNAs may provide additional layer of 

complexity that impacts E2F pathway activity (Bueno, Gomez de Cedron et al.).  

In this chapter, we provide further evidence for widespread involvement of 

miRNAs in providing fine-tuning of the E2F pathway by integrating mRNA and 

miRNA expression profiles to uncover an underlying regulatory pattern which is quite 

distinct from that of the Myc pathway analysis. Using mathematical modeling and 

single cell imaging, we provide a possible explanation for an additional mechanism by 

which E2F may temporally regulate the expression of cyclin E, achieved through E2F 

mediated transcription, as well as through the action of miRNAs. 

4.2 Results 

4.2.1 GSEA Analysis of the E2F Pathway Reveals Distinctions from 

the Myc Pathway 

In previous chapters, we have demonstrated the use of an integrated approach to 

study the role for Myc induced miRNAs in controlling Myc mediated cell fate decision. 

Here, we sought to further dissect the E2F pathway with a similar approach by 

examining underlying regulatory patterns which may be reflected in the mRNA 

expression profile of E2F pathway and relate to the potential role of miRNAs. Given the 

overlap in the role of E2F1 in controlling cell proliferation with the Myc pathway, we 

anticipated that the analysis of the E2F pathway profile would resemble that of the Myc. 
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Indeed, upon GSEA analysis, we found gene sets representing E2F recognition sites to 

be most highly enriched in the population of genes that were being induced by E2F, 

similar to that observed in the Myc analysis and consistent with the role of E2F as a 

transcriptional activator. This also further corroborated the robustness of the E2F 

profiles (Figure 13). However, in stark contrast to the Myc pathway, which identified 

many miRNA motifs to be exclusively enriched in repressed genes, we found this 

enrichment to be present only in the E2F induced genes. No statistically significant gene 

sets were enriched in population of genes that were being repressed (Figure 13).  
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Figure 13: Summary of the results of the GSEA analysis of the E2F1 pathway. 

Heatmap representing top 50 genes in the left with each column representing samples 

run in 10 replicates each as indicated. On the right, results of top 30 motifs enriched in 

the E2F induced population of genes. 

To see if this was confined to this particular dataset, we repeated the same 

analysis on E2F3 pathway, another member of the activator E2Fs. Similar to the results 

from the E2F1 analysis, we observed a strong enrichment for E2F binding sites, as well 

as miRNA binding sites in the E2F induced genes, but no statistically significant gene 

sets in E2F repressed genes, suggesting that this may reflect a more general property of 

the activator E2F driven pathway (Figure 14).  
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To see if miRNAs may be contributing to the observed GSEA results, we carried 

out miRNA expression profiling through same experimental used to generate the E2F1 

mRNA profile. As shown in Figure 15, we observed differential expression of a large 

number of miRNAs to be either correlated (induced), or inversely correlated (repressed) 

with the status of E2F1(p<0.05).  

 

Figure 14: Summary of the results of the GSEA analysis of the E2F3 pathway. Details 

are the same as Figure 13. 

A recent study demonstrated the identification of a number of cell cycle 

regulated E2F target miRNAs in primary MEFs. We noticed that a number of miRNAs 

found to be induced in our study overlapped with their results, suggesting that this 
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observation may also be conserved in other cell types. Taken together, the analysis of 

E2F1 mRNA and miRNA expression profile suggests a regulatory pattern in which E2F1 

induces expression of miRNAs, which in turn target mRNAs induced by E2F1. 

 

 

Figure 15: Heatmap and list of miRNAs reflecting E2F1 activity. The heatmap on the 

left represents miRNAs differentially expressed as a result of E2F1 activation, as 

assessed by correlating the status of E2F1 and conducting student t-test. Only those met 

the significant threshold (p<0.05) were considered to be differentially regulated. The list 

on the right list E2F-induced miRNAs which have also been previously identified 

through other studies.  
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4.2.2 E2F-cyclin E-miRNA may constitute an Incoherent Feed-forward 
Loop 

As summarized in Figure 16, our integrative analysis of the E2F pathway 

revealed a pattern in which E2F induces the expression mRNAs, as well as the 

expression of a large number of miRNAs, which based on sequence prediction, also 

target many of the E2F1 induced mRNAs. This seemingly contradictory relationship has 

been initially described as the incoherent Feedforward Loop (iFFL), properties of which 

have been studied under the framework of mathematical modeling.  

 

Figure 16: Summary of Results obtained through the Integrative Analysis of the E2F 

Pathway shown in the form of a Network Motif. Arrows correspond to activation, while 

the bars represent repression.   

This concept, pioneered by Uri Alon, has established a framework for 

quantitative understanding of gene regulatory circuits (Alon 2007). Among many 

possible combinations of gene regulation that can occur by Feedforward Loops (FFL), 

whether they are mediated by transcription factors or miRNAs, there can be eight 
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possible relationships can be identified. Depending on the nature of the two regulatory 

signals being conveyed, represented by arrows (activation), or bars (repression), one can 

conveniently group them into coherent group or incoherent group (Figure 17). Each of 

these network motifs, as dictate by the modes of regulation, as well as through the 

strength of each regulation, are suited to carrying out distinct biological functions by 

generating unique modes of target gene expression (Z). Interestingly, iFFL, consistent 

with the observed relationship of E2F control of mRNA and miRNA that target the 

mRNAs, is among the most frequently observed network motif in biology, known to 

exist from Escherichia coli, Saccharomyces cerevisiae, to more recently, in humans (Mangan 

and Alon 2003; Mangan, Itzkovitz et al. 2006; Tsang, Zhu et al. 2007; Goentoro, Shoval et 

al. 2009). In fact, earlier study shows that Myc and E2F1 are part of this network 

architecture through the induction of miR-17-92 cluster (O'Donnell, Wentzel et al. 2005).  
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Figure 17: 8 possible combinations of Feedforward loops (FFL). Coherent FFLs are 

defined by coherence of signal being conveyed, either positive or negative. Incoherent 

FFLs are defined by conflicting signals being conveyed to the target gene expression. 

(Alon 2007) 

A number of general properties have been described that is unique to this motif 

(Mangan and Alon 2003; Mangan, Itzkovitz et al. 2006; Kaplan, Bren et al. 2008; 

Goentoro, Shoval et al. 2009). First, it has been suggested that this motif confers fold 

change detection (Goentoro, Shoval et al. 2009). In other words, regardless of the 

variation in the absolute level of the input (X), this motif will conserve the fold change 

that results in the output (Z) gene expression. Another property described, both through 

modeling predictions, as well as through experimental validations, is that one of the 

proposed significance of this network motif has been demonstrated to allow generation 
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of a pulse-like dynamics of its target genes (Mangan and Alon 2003; Alon 2007). Many 

cell cycle regulated genes, including E2F1, display a pulse like dynamics as their 

immediate decay upon execution of their necessary roles at during the cell cycle is 

critical. Given this temporal requirements of many of E2F1 target genes, as well the 

given the property of the iFFL, we decided to focus on the role of miRNAs in potentially 

contributing to the regulation of pulse-like dynamic expression of its target genes.  

To provide a model for testing the potential of an iFFL in the context of E2F1 

control (Figure 16), we decided to focus on a network that consists of E2F-cyclin E-

miRNAs, both given its functional importance in cancer, as well as in the control of 

normal cell cycle. Furthermore, as cyclin E expression is tightly regulated and behaves as 

a pulse during the cell cycle, we hypothesized that this architecture may contribute to 

the temporal regulation of cyclin E, an essential component for maintaining normal 

control of cell cycle.  

First, we wanted to make sure that E2F-miRNA-cyclin E indeed followed this 

network topology. We know, through studies by our group as well as others, carried out 

a number of years ago, that E2F1 can directly activate cyclin E (Ohtani, DeGregori et al. 

1995; Geng, Eaton et al. 1996). We also observe through our miRNA expression profile 

data which indicate that four of the five miRNAs, including miR-103, 107, 15b and 16, 

that are predicted to target cyclin E by Targetscan, were shown to be induced by E2F. In 

fact a number of previous studies have shown that these miRNAs do indeed target 
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cyclin E in several different contexts (Liao and Lonnerdal; Liu, Fu et al. 2008; Takahashi, 

Forrest et al. 2009; Wang, Fu et al. 2009; Xia, Qi et al. 2009).  

 

Figure 18: GFP Reporter assay to verify E2F-induced miRNAs target Cyclin E 3’-UTR. 

GFP reporter constructs containing either wild-type or mutant 3’-UTR of Cyclin E was 

co-transfected with the indicated 2’-O-methyl antisense oligos to assess the changes in 

the GFP levels. CMV driven mCherry construct was also co-transfected to serve as 

normalization control. Indicated assays were carried out in triplicates. 

To further corroborate these findings, we made use of T98G cell line, which we 

have demonstrated in the past to have many aspect of cell cycle machinery intact 

(Giangrande, Zhu et al. 2004; Zhu, Giangrande et al. 2005). To this end, we created 

reporter constructs expressing EGFP, downstream of which contains full length cyclin E 
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3’-UTR. We then co-transfected the construct along with 2’-O-methyl antisense oligos 

targeting miR-103/107 and miR-15b/16, respectively. As shown in Figure 18 (red), we 

find that there is a modest, but reproducible increase in the GFP reporter activity for 

miR-15b/16 knockdown. Knockdown of miR-103/107 yields a more substantial 2.5 

increase in GFP expression as measured by flow cytometry, consistent with previous 

reports (Liao and Lonnerdal; Liu, Fu et al. 2008; Takahashi, Forrest et al. 2009; Wang, Fu 

et al. 2009; Xia, Qi et al. 2009).  

To verify if the GFP increase is specific to these miRNA, we introduced three 

base-pair substitutions in the predicted binding site. Interestingly, the binding sites for 

either miR-15b/16 or miR-103/107 overlapped by two base pairs. Given this proximity in 

the target sites, we conveniently used a single mutant to abolish miRNA mediated 

regulation, and to test specificity of both of the miRNA families. As shown in Figure 18 

(red), combined inhibition of miR-15b/16 did not result in changes in GFP expression, 

while miR-103/107 led to a slight increase, suggesting the possibility that there may exist 

additional binding site. Taken together, these results, along with previous studies, 

establish that E2F-miRs-cyclin E indeed constitutes the architecture of an iFFL. 

4.2.3 E2F-induced miRNAs Impact Temporal Dynamics of Cyclin E 
expression (with Dr. Jeffery Wong) 

To further explore this motif in a more cell cycle relevant context, we decided to 

model this motif based on results of previous study which provides framework for 
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understanding Rb/E2F network (Yao, Lee et al. 2008). As expression of E2F itself is not 

constant, and is subject to regulation by a number of upstream regulatory components, 

we decided to factor these upstream signaling events regulating E2F expression into the 

model (Figure 19A). The model described here consists of ten coupled ordinary 

differential equations (ODEs) describing the time-evolution of each system in the species 

(MYC (MC); E2F mRNA (Em); E2F protein (Ep); Cyclin D (CD); Cyclin E (CE); 

Retinoblastoma & related pocket proteins (RB); Phospho-RB (RP); RB-E2F complex (RE); 

Cyclin A (CA); and miRNA (MR)). In each simulation, the system is driven from the 

quiescent (E2F OFF) state into S-phase (E2F ON) state by changing parameters 

describing serum concentration from 0.02% to 10%, respectively. To determine the 

effects of miRNA on the system behavior, parameters describing miRNA production via 

E2F (i.e. kMREF and KMREF) or the level of miRNA required to reduce Cyclin E production 

by a half (i.e. KMR) were varied during subsequent simulations. Note that the model 

only takes into the account the initial activation event of E2F and not the events prior to 

its activation during G0-G1 transition.  
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Figure 19: Computational simulation of E2F-cyclin E-miRNA iFFL. A) The incoherent 

Feedforward Loop (iFFL) was modeled under the framework of Rb/E2F pathway as 

shown in the schematic. Results of the computational simulation of cyclin E levels (solid 

lines) shown in Y axis, with or without miRNA (dotted lines) B), or varying the 

repression strength C) is plotted across time (X axis).  

This system is sufficient to explain both the switch-like behavior in E2F 

transcription (i.e. Em levels) and the pulsatile dynamics in E2F protein (Wong et al., in 

prep).  Likewise, cyclin E activity is also pulsatile as shown in red solid line (Figure 19B). 

However, when we alleviate the repressive arm of miRNAs, the simulation predicts that 

it not only leads to increase in the amplitude of the cyclin E levels almost by almost 

twofold, but also prolongs the time it takes for the cyclin E to reach the equivalent 
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steady state in the presence of miRNA mediated repression. Indeed, previous study has 

shown that, in the context of cell cycle, inhibition of several E2F-induced miRNAs in 

MEFs lead to increase in their targets including cyclin E (Bueno, Gomez de Cedron et al.). 

The simulation result, therefore, is sufficient in explaining the increase in the level of 

cyclin E reported in this study. The model, however, also predicts that the role of 

miRNA mediated repression may also provide a way for the cell to achieve temporal 

regulation of cyclin E. Together, these results provide potential explanation for the 

observation made through E2F pathway profile of mRNA and miRNA pathway, which 

is to control both the maximum threshold levels (amplitude) as well as temporal 

dynamics (duration) of cyclin E expression for higher precision.  

Based on the model predictions, E2F contributes to the transcriptional induction 

of cyclin E, while the E2F-induced miRNAs contributes to the amplitude as well as 

duration of cyclin E through post-transcriptional repression. To test our model 

predictions, we created cyclin E sensor reporter constructs that can recapitulate the 

action of these transcriptional and post-transcriptional regulatory activities. These 

constructs, shown in Figure 20, contains both cyclin E promoter region, previously 

described to be responsive to direct E2F activation, downstream of which contains 

destabilized GFP (Ohtani, DeGregori et al. 1995), and either the wild-type or the mutant 

3’-UTR region of cyclin E with respect to the miRNA binding site.  
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Figure 20: Measurment of fluorescent intensity of Cyclin E driven dsEGFP with either 

a WT or MT 3’-UTR constructs. The top panel shows results obtained from flow 

cytometry after transiently transfecting asychronously growing T98G cells with 

indicated wild-type or mutant constructs. Below the data are mean intensities of the 

results from above. 

We first determined if these constructs would behave differently in a population 

of asynchronously growing T98G cells, as this would allow us to address the effect of 

miRNA regulation in impacting the amplitude of cyclin E expression. As has been 

observed with many endogenous promoters, we noticed that the signals were indeed 

very weak, but detectable, as measured by flow cytometry (Figure 20). Indeed, 

consistent with the modeling predictions, the mutant constructs were expressed at 

almost two-fold higher level than that of the wild-type counterpart, suggesting that the 
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miRNA binding site in the 3’-UTR of cyclin E confers threshold effect on the expression 

levels , leading to the amplitude difference.  

To obtain a more accurate measure of how these cyclin E sensor constructs 

would behave across cell cycle, we wanted to have the ability to capture their dynamics 

at a single cell level, to maximize resolution and to also account for any effects of cell-to-

cell variation. We therefore used time-lapse microscopy to record the levels of cylin E as 

measured by dsGFP construct, which were transfected into an asynchronously growing 

T98G cells. As these are single cell measures, we had the capability of extracting signals 

from individual cells across various time points across cell cycle, which could eliminate 

the need for additional synchronization. Furthermore, as number of constructs each cell 

has taken up will vary across individual cells, this would eliminate potential biased 

measurement of cyclin E dynamics as a function of copy number, rather than inherent 

sequence features. We also co-transfected CMV-driven mcherry construct to allow 

computational tracking and to correct for any backgrounds.  
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Figure 21: Quantification of single cell images of cyclin E reporter dynamics across 48 

hours in an asynchronously growing T98G cells. A. Representative quantification of 

either Mutant or Wild-type reporter constructs. X axis represents time (in hours), while 

Y axis represents fluorescent intensity obtained after background correction. Individual 

curve represents measurement of a single cell, with red representing mutant construct 

and blue, wild-type. We define peak of the curve as amplitude, and the time it takes 

from the peak to reach steady-state level of 1 as duration. B. Mean amplitude and 

duration of single cell measurements obtained from three individual fields of each 

group are plotted. (*<0.05, ns=0.0641) 

24 hours after transfection, the cells were imaged every 15 minutes for 48 hours 

in normal growth conditions. The resulting images were analyzed and signals 
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corresponding to GFP were quantified for individual cells at each time point (Figure 21). 

We assessed the results by analyzing two parameters: amplitude and duration. We 

defined the amplitude as the maximum peak intensity of each measurement; while we 

defined duration as the time it takes from the peak to when it drops to fluorescent 

intensity of 1, a cutoff defined as a point in which majority of curves become flat. As 

shown in Figure 21B, and consistent with the flow results, as well as the model 

predictions, we find that mean value for maximum level of cyclin E expression achieved 

for individual cells (amplitude) is almost twofold higher with the mutant constructs 

than the wild-type (p<0.05). Furthermore, as we had anticipated, the duration of cyclin E 

dynamics, as measured by average time it takes for the signals of mutant constructs to 

reach the same steady state level as the wild-type is more prolonged, though not 

statistically significant (p=0.0641). Given the strong trend, however, this may become 

more significant as we increase the number of single-cell measurements for each group. 

Nonetheless, what this data, along with data from flow cytometry analysis suggests is 

that the miRNA repression is playing a role not only governing maximum level of cyclin 

E expression, but may also contribute to tightening the temporal regulation of cyclin E 

expression.  
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4.3 Methods 

4.3.1 Cell Culture 

Human mammary epithelial cells (HMEC) were derived and cultured as 

previously described. Briefly, the cells were grown in MEGM media supplemented with 

bullet kit (clontech) in 3% CO2. Prior to infection with recombinant adenovirus 

expressing Myc or GFP, cells were grown in 0.25% serum starvation media (without 

EGF) for 48 hours. T98G cells were grown in DMEM with 10% FBS.  

4.3.2 Data Analysis  

Data analysis for mRNA and miRNA expression profiles reflecting E2F1 

activities were generated as described in Chapter 1. Briefly, E2F1 expression profile 

which was previously generated on an U133 plus2.0 array (GSE3151) was MAS5 

normalized with R. Software to implement Gene Set Enrichment Analysis was 

downloaded from Broad Institute website (http://www.broad.mit.edu/gsea). The 

detailed description of the parameters used to run the analysis is provided in the 

appendix. Gene sets whose nominal p values <0.05 and FDR <0.25 were considered to be 

significant for further investigation. For the miRNA profiles, raw data was normalized 

using limma package and the normalized data were labeled 1 or 0 depending on the 

status of E2F1. We correlated the E2F1 status with each miRNA probe and calculated the 

p-value of the significance of the observed correlation against a null hypothesis of no 
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correlation. The samples were given phenotypic label depending on the E2F1 status and 

C3 gene set was selected for the analysis.  

4.3.3 Construct Generation 

Cyclin E 3’-UTR fragment containing predicted miRNA binding sites were 

cloned using the following primers which were designed to flank XbaI and NotI. The 

amplified PCR product was gel extracted, digested with respective restriction enzymes 

and cloned into pd2EGFP plasmid (#6008-1, clontech)from clontech and sequence 

verified. (CCNE1F-1:TATGCGGCCGCCCATCCTTCTCCACCAAAGA, CCNE1R-

2:CTGTCTAGAGCAGCACTTACAAAACAGTTCA) Immediate early CMV promoter 

was derived from pEGFP-N1 (catalog #6085-1, Clonetech) using XhoI and ApaL and 

cloned into the pd2EGFP-cyclinEUTR (wt). Constructs containing alanine substitutions 

in the miR binding sites were generated using gene tailored site directed mutagenesis kit 

from invitrogen using following primers. (site1F: ccagtgcgtgctcccgatgcaaatatggaaggtg, 

site1R: cctccagacaccagtgcgtgctcccgatgc)  

4.3.4 Image Analysis 

Time lapse microscopy was recorded using Leica SP5 confocal microscope at 

160x magnitude. All cells were imaged in a 6 well plate format inside the chamber 

provided with 5% CO2 at 36 degrees Celsius for 48 hours. Resulting images were 

http://microscopy.duke.edu/sp5.html
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converted to raw Tiff file. Details of the analysis in the quantification of the images will 

be provided elsewhere. (Dr. Quanli Wang)  

4.3.5 Modeling of the E2F-miRNA-cyclin E iFFL 

A mathematical model of a simplified RB-E2F pathway has been described 

previously (Yao et al. (2008)). The model described here consists of ten coupled ordinary 

differential equations (ODEs) describing the time-evolution of each system in the species 

(MYC (MC); E2F mRNA (Em); E2F protein (Ep); Cyclin D (CD); Cyclin E (CE); 

Retinoblastoma & related pocket proteins (RB); Phospho-RB (RP); RB-E2F complex (RE); 

Cyclin A (CA); and miRNA (MR)). This system is sufficient to explain both the switch-

like behavior in E2F transcription (i.e. Em levels) and the adaptive (pulsatile) dynamics 

in E2F protein (Wong et al., in prep). In each simulation, the system is driven from the 

quiescent (E2F OFF) state into S-phase (E2F ON) state by changing parameters 

describing serum concentration from 0.02% to 10%, respectively. To determine the 

effects of miRNA on the system behavior, parameters describing miRNA production via 

E2F (i.e. kMREF and KMREF) or the level of miRNA required to reduce Cyclin E production 

by a half (i.e. KMR) were varied during subsequent simulations.  

4.4 Discussion 

How a cell achieves necessary precision over the control of genes required for 

cellular proliferation is an active area of investigation, as it not only addresses 
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fundamental question of gene regulation, but also given its tight associations with 

disease processes such as that of development of cancer (Amati, Alevizopoulos et al. 

1998; Hanahan and Weinberg 2000; Nevins 2001; Chen, Tsai et al. 2009). Many studies 

have shown that among many pathways that are important for establishing control of 

proliferation, E2F pathway has been demonstrated to be central for controlling S phase 

entry in cell cycle progression by regulates a large number of genes required for this 

process. S phase is a time in which several critical events occur (Ishida, Huang et al. 2001; 

Sears and Nevins 2002). One important biological function that defines this phase of the 

cell cycle is the DNA replication (Sclafani and Holzen 2007). As this represents among 

the most essential activities, any potential errors in the regulation of the machinery 

involved in this process will lead to disastrous consequences. As such, mechanisms that 

we know to currently exist in cells must have been selected over the course of evolution 

to reflect the most robust means to achieve faithful propagation of its genetic material.  

Indeed, what we have observed through many studies is that temporal 

regulation of E2F and its targets appear to be highly precise (Dulic, Lees et al. 1992; Zhu, 

Giangrande et al. 2005). E2F, for instance, is highly restricted to engage in any activity in 

quiescent cells as members of the Rb proteins sequesters it from physically engaging in 

transcription activities. Upon receiving upstream mitogenic signals, the physical 

sequestering is relieved by Rb phosphorylation, on top of which it is also known to auto-

regulate its own transcription (Johnson, Ohtani et al. 1994). Furthermore, induction of 
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various members of the cyclin, including cyclin D and cyclin E, which 

hyperphosphorylates Rb, serves as additional reinforcement that E2F can freely engage 

in its transcription roles to promote genes required for DNA replication and mitosis 

(Resnitzky and Reed 1995). While the precise mechanism is unknown, E2F levels sharply 

decrease after S phase. Likewise, cyclin E expression sharply declines, in part through 

ubiquitin ligase mediated protein decay (Singer, Gurian-West et al. 1999; Spruck, 

Strohmaier et al. 2001; Welcker and Clurman 2008). All these results demonstrate the 

existence of multiple layers of regulatory mechanisms that ensures robustness of cell 

cycle control.  

In the study described in this chapter, we propose another potential mechanism 

by which E2F may exert its control over components of cell cycle machinery, including 

cyclin E. Several studies now describe miRNAs to be also important targets for E2F 

pathway activity (Bueno, Gomez de Cedron et al.; Lize, Pilarski et al.; Sylvestre, De 

Guire et al. 2007; Yang, Feng et al. 2009). Through the same integrative approach 

described in chapter 1, we observe a strong pattern in which E2F target miRNAs form an 

incoherent Feedforward Loop (iFFL) with E2F target genes, and while much of our focus 

has been to study cyclin E, given its regulatory importance, as well as a priori knowledge 

on the contribution of temporal dynamics, other potential connections revealed through 

the analysis may also contribute to the regulatory capacity of E2F. For example, MYB 

was also identified to be part of this iFFL involving E2F induced miRNAs, and given 
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that MYB expression also cell cycle regulated, it would be interesting to see if miRNAs 

also contribute to the regulation of this gene (Nakata, Shetzline et al. 2007; Kitagawa, 

Hiramatsu et al. 2009). 

Biological significance of iFFL network motif has well been documented in the 

literature, and among the key characteristics, as demonstrated by mathematical 

modeling, as well as through experimental validation, is to generate a pulsatile 

expression of the target genes (Mangan and Alon 2003; Mangan, Itzkovitz et al. 2006; 

Alon 2007; Goentoro, Shoval et al. 2009). Interestingly, E2F itself is also a target of this 

loop where one of the earliest observations linking miRNAs to Myc pathway comes 

from an iFFL consisting of Myc-E2F and miR-17-92 cluster (O'Donnell, Wentzel et al. 

2005). While it has not been experimentally addressed to what extent this motif 

contributes to the pulsatile dynamics of E2F expression we have long known to exist, 

inhibition of these miRNAs have been shown to lead to a temporal defect in E2F 

expression followed by a DNA damage response (Pickering, Stadler et al. 2009), 

suggesting that these miRNAs may also contribute to tight regulation of temporal aspect 

of E2F expression. With E2F levels tightly regulated, this provides one additional 

mechanism by which cyclin E levels are also tightly regulated at a transcriptional level. 

Indeed, our results obtained from single cell imaging of cyclin E reported seems to 

suggest that transcriptional activity driven mainly by E2F is sufficient to account for the 
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overall dynamics of cyclin E (Figure 21, see mutant), consistent with the model 

predictions as well as previous reports (Ohtani, DeGregori et al. 1995). 

Importance of precise temporal regulation of cyclin E has been demonstrated by 

many studies (Singer, Gurian-West et al. 1999; Koepp, Schaefer et al. 2001). Ectopic 

expression of cyclin E is also known to lead to disastrous consequences, such as defect in 

mitosis, overexpression of which is tightly linked to aggressive cancer behavior 

(Keyomarsi, Conte et al. 1995; Porter, Malone et al. 1997; Keyomarsi, Tucker et al. 2002; 

Ekholm-Reed, Spruck et al. 2004; Keck, Summers et al. 2007). It is now well established 

that ubiquitin ligase pathway also constitutes a mechanism by which cell achieves 

temporal regulation of cyclin E expression at the late S phase. Disruptions of 

components of these pathways are often found to exist in cancer (Welcker and Clurman 

2008).  

Results of our study further suggest that in addition to these mechanisms, E2F 

utilizes miRNAs to achieve further refined regulation of cyclin E expression. While we 

note that the observed effect contributed by miRNAs was not sufficient to dictate overall 

dynamics of cyclin E, accumulated deregulation of cyclin E levels through multiple 

generations of cell cycle could lead to disastrous consequences. Therefore, it is 

conceivable that this constitutes another layer of gene regulation that can further 

reinforce precise control of an important cell cycle gene. In line with this is the 

observation, both through reported studies (Bueno, Gomez de Cedron et al.; Liu, Fu et al. 
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2008; Wang, Fu et al. 2009; Xia, Qi et al. 2009) as well as our own observations (data not 

shown), that consequences of inhibiting the cyclin E targeting miRNAs lead to defects in 

cell proliferation, perhaps achieved by both cyclin E, and other important cell cycle 

genes.  

This further suggests that complexities that govern a cellular control of gene 

regulation is not always ‚black or white‛, but consists of series of subtle gene regulatory 

events, net result of which allow a cell to achieve a more discrete regulation, as the basis 

for many biological processes, including disease development. This is becoming 

increasingly evident as we learn from various genome-scale studies that subtleties 

observed in biology may be more important than we previously appreciated. For 

example, several genomic or proteomic studies studying the effect of a single miRNA 

expression on proteome or transcriptome have shown that in majority of cases, the 

effects miRNAs have on their targets were modest (Lim, Lau et al. 2005; Baek, Villen et 

al. 2008; Selbach, Schwanhausser et al. 2008). This is not only confined to miRNAs as 

many genome-wide association studies have identified collection of single-nucleotide 

polymorphisms (SNPs), effects of which on their own are modest, while collectively, 

they can have significant impact on gene expression, as well as their associations with a 

disease, further supporting the significance of understanding such subtle events in 

underlying biology (Wang, Li et al.; Manolio, Brooks et al. 2008; Cheung and Spielman 

2009).   
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Although additional work will be necessary to unequivocally demonstrate this, 

based on the results we have obtained so far, we propose that miRNAs constituting the 

iFFL between E2F and cyclin E, which may provide additional means to tightly regulate 

cyclin E expression. This not only provides a threshold effect necessary to limit the 

expression of cyclin E to prevent replicative stress phenotype, but also to serves as an 

active mechanism to reinforce prompt decay of cyclin E. Indeed, a recent study by 

Bueno et al. reports a similar conclusion drawn from inhibition of cell cycle regulated, 

E2F induced miRNAs, which lead to replicative stress response (Bueno, Gomez de 

Cedron et al.). Our data, while consistent with the study, adds additional dimension into 

how this might be achieved by carrying out analysis of combined mRNA and miRNA 

data, and further testing the computational predictions through experimental 

measurement of temporal dynamics of cyclin E at a single cell level. It also demonstrate 

that this approach has the potential to pick up subtle nuances in the regulation of cyclin 

E, which serves to refine  that would be difficult through conventional tools using 

population measurements.  

Furthermore, this is the first study to experimentally demonstrate the feasibility 

of measuring gene regulatory events that examines combined effect of transcriptional 

and post-transcriptional regulation, as a way to assess the dynamic outcome of an 

important cell cycle gene. Finally, through this study, we suggest the existence of 
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elaborate mechanism by which E2F and miRNA dictate the temporal dynamics of cyclin 

E.  
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5. Conclusion 

5.1 Discussion 

Understanding the complexities underlying various modes of gene regulation 

has long been a topic of great interest given their fundamental importance in dictating 

many biological processes, as well as given their implications in allowing better 

understanding of disease processes, such as cancer. These gene regulatory activities, 

coupled with various upstream signaling events that occur through the interactions of 

diverse array of signaling molecules, constitute signaling pathways that can serve as a 

logical unit to better understand and to dissect biological phenotypes that influence 

important cell fate decisions.  

The two pathways, analysis of which we report in this thesis, are two pathways 

which are not only critical for mediating this important cell fate decisions, such as to 

proliferate or to undergo apoptosis, but are also tightly linked to promoting 

tumorigenesis when dysregulated. Therefore, achieving a better understanding of the 

mechanisms that underlie activities of these pathways will be important for advancing 

our knowledge of the biological complexities that drive these processes.  

In this study, we report opportunities in integrating newly recognized gene 

regulatory components, known as miRNAs into previously highlighted pathway 

components, to achieve a better understanding of the Myc and E2F pathway and 

uncover novel roles in contributing to their activities.  
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While miRNAs have been first described less than a decade ago, our knowledge 

on their regulatory involvement in a variety of biological circumstances, including their 

perturbation in human cancer, is exponentially expanding. Given the importance of Myc 

and E2F pathways, both from the standpoint of fundamental understanding of the cell 

cycle, as well as their link to cancer phenotypes, many studies have examined the role of 

miRNAs in these pathways (Bueno, Gomez de Cedron et al.; Lize, Pilarski et al.; 

O'Donnell, Wentzel et al. 2005; Chang, Yu et al. 2008; Yang, Kong et al. 2008; Yang, Feng 

et al. 2009). Many of these studies report the use miRNA expression as the starting point 

and have identified many important miRNAs acting in the context of the Myc or E2F. 

However, one key limitation with these studies is that they only examine one or few, at 

best, targets to explain the phenotype being observed. While some miRNA-mRNA 

target interactions act as important regulators in such contexts, serving as a genetic 

switch, it has been proposed that miRNA-mRNA interactions are also individually weak, 

serving more as fine-tuning of gene expression (Chen and Rajewsky 2007). As our study 

examines both mRNA targets, as well as, miRNAs, we are able to overcome biasing our 

interpretation based on a few targets of Myc or E2F pathways. This is also important 

because, while given the nature of how we retrieve these data, we perceive them as 

being separate entities, when in fact, they exist in the same cellular space to mutually 

influence the overall gene expression outcome.  
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The approach that we describe here begins with the analysis of mRNA 

expression profile as the starting point to infer a potential regulatory structure that is 

dominant in the Myc and E2F pathway. This is with respect to transcription factor or 

miRNA mediated regulatory information, followed by analysis of the miRNA 

expression profiles generated from the same experimental samples to assess the 

contribution of miRNA as the regulatory elements in the resulting mRNA profile. This 

has a number of advantages.  

First, this can identify weak, but nonetheless significant systematic regulatory 

connections that may exist within the pathways. Indeed, while for the purpose of further 

experimental validations, we chose to focus on miRNA-mRNA interactions that 

displayed significant phenotypes, such as those impacting cell proliferation and 

apoptosis, the analysis revealed many more potential miRNA-mRNA associations which 

could be collectively contributing to the Myc and E2F pathway activities.  

Second, this approach, by examining mRNA and miRNA in same cellular context, 

can capture associations that have the higher probability to be true. For example, we 

found PTEN to be predicted target of Myc induced miRNAs, but it was also found to be 

repressed in the same mRNA profile, validations of which demonstrated it to be the case.  

Last, by examining global transcripts rather than individual genes as targets of 

pathway associated miRNAs, we can identify underlying regulatory differences 

otherwise not possible through conventional means. For example, given their 



 
 

 
 

98 

similarities in their roles in proliferation, we anticipated that the analysis would 

resemble the pattern identified in Myc pathway analysis. However, miRNAs were 

found to be predominantly enriched in the group of genes being induced as a function 

of E2F1 and E2F3, rather than those being repressed, as was the case for Myc. This last 

point is particularly interesting as it raises the possibility that there may be some 

fundamental differences in the way the two pathways operate. Myc is known to be 

capable of both transactivation and repression, while E2F1 and E2F3 function primarily 

as transactivators.  

One potential explanation for the difference may be that Myc is a broad, but 

weak transcription factor as have been proposed and may impact more global 

transcription through recruitment of chromatin modifying enzymes, rather than through 

strong promoter binding (Patel, Loboda et al. 2004). As such, it is tempting to speculate 

that the role of these miRNAs would be to further ensure that the genes are functionally 

repressed when necessary. In the case of E2Fs, in addition to activator E2Fs, repressor 

E2Fs also exist. Interestingly, these repressor E2Fs themselves are also targets of 

activator E2Fs, and it has been shown that these repressor E2Fs may also play active 

roles in repressing G1/S genes upon G2/M progression (Giangrande, Zhu et al. 2004; Zhu, 

Giangrande et al. 2005). Results of this study also suggest that the miRNAs which are 

induced by E2F1, may be similar in that they suppress a gene (cyclin E) whose activity is 

no longer required as cells progress through cell cycle.  
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Considering these in the context of the cell cycle, as Myc is an immediate early 

gene, whose role is to rapidly transition the cell from the quiescent state into G1 phase of 

the cell cycle as a response to mitogenic signals. As such, it activates necessary genes for 

the S phase entry, one key example being activator E2Fs, but then also needs to represses 

negative components of the cell cycle, such as p21, p27, Rb, PTEN, either through direct 

transcription repression as has been described, or through utilization of miRNAs, or 

both.  

Once E2F is activated, the cell passes a restriction point (R-point), a phase in 

which a cell is fully committed to completing the cell cycle in the absence of additional 

requirements for serum presence. Indeed, a recent study has described Rb-E2F network 

to underlie this R point (Yao, Lee et al. 2008). To prevent the cell from losing control over 

components of cell proliferation, many mechanisms, such as ubiquitin ligases for protein 

degradation exist to ensure that activity of these components are degraded once their 

roles have been fulfilled. We propose that miRNAs may also act as an additional built in 

mechanism by which E2F controls the expression of its target genes.  

In conclusion, by taking an integrative approach of examining global mRNA 

expression profile generated to reflect Myc and E2F pathways, combined with miRNA 

profiles reflecting respective pathways, we provide novel insights into the role of 

miRNAs in contributing to the key activities of Myc and E2F pathway, which is to 

orchestrate expression of extensive number of genes required for establishing cellular 
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proliferative state, and to ensure that their gene regulatory programs are properly 

executed to achieve necessary cell fate control.  

5.2 Future Studies  

One open question that deserves to be addressed is the extent to which the 

mechanisms described above may play a role in actual tumorigenesis. While it is 

tempting to speculate, based on the results obtained through this thesis, that individual 

miRNAs identified in the context of key cell fate decision pathways may have direct 

roles in tumorigenesis, translating the roles of miRNAs obtained from normal cells into 

cancer context may not be so straight forward, based on the current understanding of 

the complexity of miRNA regulation.  

First, it appears that miRNAs are globally down-regulated in tumors compared 

to normal tissues, as measured by global miRNA expression profiling (Lu, Getz et al. 

2005). While it is still unclear why this is the case, a number of important observations 

have been made which suggests that there may be the involvement of miRNA 

biogenesis machinery in tumorigenesis. For example, Kumar et al., has shown that upon 

deletion of Dicer, tumors behaved more aggressively. On the contrary, consequence of 

deletion of Dicer in normal fibroblast displayed opposite phenotype, that is, slower 

growth. Other studies have also shown that modulating the expression of dicer in 

normal cells can lead to cell cycle arrest or apoptosis, suggesting that there may be a 
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fundamental difference between normal and cancer cells with respect to miRNA 

functions. Interestingly, Kumar et al. have shown that knockdown of Dicer was seen to 

lead to an increase in Myc expression by the action of let-7, among the most abundant 

miRNAs in the cell (Kumar, Lu et al. 2007). Furthermore, we observe, through the 

examination of large breast and lung cancer datasets that the expression of Myc and 

Dicer are strongly inversely correlated, with low levels of Dicer associated with worst 

prognosis (unpublished data). All this raises the potential that perhaps Dicer, through 

regulation of global miRNA production, may be one of the rate-limiting steps for Myc in 

facilitating tumorigeneis, although this may also depend on the tissue type context in 

which these tumors are being observed.  

Dicer is only one of many components of miRNA biogenesis machinery, and 

many studies now report the involvement of other components being associated with 

cancer related pathways (Krol, Loedige et al.; Davis, Hilyard et al. 2008; Mudhasani, Zhu 

et al. 2008). For example, Drosha, which acts to generate hairpin from precursor miRNA 

was shown to be regulated by SMAD, an important mediator of the TGF beta pathway, 

suggesting there may additional roles fo TGF-beta pathway in controlling global miRNA 

biogenesis (Davis, Hilyard et al.; Davis, Hilyard et al. 2008). Given that TGF-beta 

pathway potently suppresses Myc pathway, this raise even more interesting complexity 

which may be worthwhile to be further explore to achieve a better understanding of the 

role for miRNAs in tumorigenesis.  
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Despite such complexity, a number of miRNAs have clearly demonstrated to 

play a direct role in tumorigenesis. For example, study which has generated transgenic 

mouse with the deletion of the miR-15a-16 cluster (encoded in DLEU2) was shown to 

develop tumor (Klein, Lia et al.). Given that miR-15a-16 belong to the same family as the 

miR-15b/16, miR-103/107, it is conceivable that disruption of regulation of cyclin E by 

these miRNAs may also have contributions to tumorigenesis, and would be interesting 

to see if indeed, this is the case.   

Overexpression of miR-17-92 cluster was also shown to lead to a more 

progressive phenotype, one proposed mechanism being through suppression of 

apoptosis (Olive, Jiang et al.; Hayashita, Osada et al. 2005; Rinaldi, Poretti et al. 2007; 

Mendell 2008; Olive, Bennett et al. 2009). In fact, a recent study demonstrates that miR-

19 directly targets PTEN, which could partly explain oncogenic effects of the miR-17-92 

cluster (Olive, Bennett et al. 2009). As miR-23b and miR-193b were also shown to target 

PTEN, it would be interesting to see the consequence of inhibiting these miRNAs in 

tumor cell lines of various origins to see if they impact apoptotic phenotype, and 

identify the genetic context in which they do or do not show such phenotype. A study 

by Gao et al. has shown that in B cell lymphoma, the miR-23b is repressed by Myc, 

which in turn relieves the expression of mitochondrial Glutaminase, a mitochondrial 

enzyme that catabolizes glutamine to generate ATP and lactate required for tumor 

metabolic needs (Gao, Tchernyshyov et al. 2009). This is in contrast to our results 
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obtained from HMEC context. Again, this further emphasizes the point that differential 

regulation of miRNAs may depend on the specific cellular context, and these 

observations present an interesting opportunity to further characterize the basis for the 

differential activity of miR-23b in the Myc pathway activity.  

Another direction that would be worth pursuing to better appreciate the role of 

miRNAs in Myc and E2F pathway would be the identification of miRNAs which are 

promoting apoptosis in the context of either Myc or the E2F1 pathway. Both of these 

pathways have prominent roles in inducing apoptosis, with PI3K pathway playing 

essential role in the determination of the cellular fate outcome. In the case of E2F1, 

Hallstrom et al., were able to show through gene expression profiling, a group of E2F1 

target genes which are suppressed in the presence of either serum or PI3K, and another 

group E2F1 target genes whose expression remained unchanged. Examination of the 

former ‚E2F1 apoptotic target genes‛ led to the identification of AMPKα2, a metabolic 

sensor gene, in playing a role in E2F1 induced apoptosis. As our analysis of the miRNA 

expression profile of Myc or E2F1 pathway only focuses on those promoting 

proliferation, generation of additional profiles to also reflect PI3K pathway, using the 

same logic described in Hallstrom et al. study may lead us to identify miRNAs whose 

role in these pathways is to promote apoptosis.  

We also find, through the analysis of E2F-miR-cyclin E, that there exists an 

incoherent feedforward loop (iFFL) which may be important for temporal regulation of 
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cyclin E. As we know there exists an iFFL between Myc-miR-19-72 and E2F1, it would be 

interesting to see how the current findings would fit with this motif to coordinate a 

cascade of precise gene regulation across cell cycle progression. Furthermore, there are 

now many studies suggesting that this type of motif involving transcription factors and 

miRNAs might play important regulatory roles in tailoring gene expression to carry out 

specific biological roles. One interesting theoretical work points out the role of miRNAs 

in such motif is to reduce noise in gene expression (Osella, Bosia et al. 2010). 

Interestingly, based on the flow cytometry assay results of cyclin E driven GFP reporter 

under the regulation of either wild-type or mutant cyclin E 3’-UTR, as well as through 

single cell imaging data, we observe that constructs with the disrupted miRNA binding 

motif seems to be noisier, with respect to the distribution of expression data, compared 

to the wild-type counterpart. While the observation is still preliminary, it would be of 

interest to further pursue this aspect of regulation and how it may contribute to our 

understanding of gene regulation.  

Finally, this study was conducted by analyzing two regulatory data. As there are 

now numerous tools to generate data capturing various other regulatory information, 

such as epigenetic, SNPs, alternative splicing, as well as proteomic data, one overarching 

goal would be to try to integrate multiple layers of gene regulatory data as a way to 

achieve a comprehensive understanding of the complex gene regulatory architecture 

inside a cell.  

http://arxiv.org/find/q-bio/1/au:+Osella_M/0/1/0/all/0/1
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Appendix 

Table A2: GSEA result for MYC Activated Genes (FDR<0.25, p-value <0.05) NES-Net 

Enrichment Score, NOM p-val-Nominal p-value, FDR q-val-False Discovery Rate q-val) 

NAME SIZE NES 
NOM  
p-val 

FDR  
q-val 

SGCGSSAAA_V$E2F1DP2_01 114 2.0950005 0 2.83E-04 

V$MYCMAX_01 189 2.0718606 0 1.41E-04 

V$USF_C 193 2.0447073 0 9.43E-05 

V$E2F4DP2_01 157 2.0395856 0 4.71E-05 

V$E2F1DP1_01 157 2.0395856 0 5.66E-05 

V$E2F1DP2_01 157 2.0395856 0 7.07E-05 

V$E2F_02 158 2.0295935 0 4.04E-05 

V$E2F4DP1_01 161 2.0279956 0 3.54E-05 

V$E2F1_Q6_01 167 1.994477 0 1.62E-04 

V$ARNT_01 187 1.9887772 0 1.94E-04 

V$E2F1_Q6 155 1.9851679 0 1.76E-04 

GGAANCGGAANY_UNKNOWN 73 1.9672816 0 2.39E-04 

CCGNMNNTNACG_UNKNOWN 53 1.9586607 0 2.74E-04 

TTCNRGNNNNTTC_V$HSF_Q6 110 1.9557117 0 2.54E-04 

V$MYC_Q2 127 1.9469491 0 2.56E-04 

V$NMYC_01 186 1.943313 0 2.64E-04 

V$E2F_01 54 1.9354231 0 2.85E-04 

GCGSCMNTTT_UNKNOWN 52 1.9295415 0 3.18E-04 

V$E2F1_Q3 156 1.9270158 0 3.01E-04 

V$GABP_B 155 1.8925227 0 5.22E-04 

V$E2F_Q4_01 164 1.8912333 0 5.16E-04 

V$E2F_Q4 160 1.8877119 0 5.20E-04 
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V$MYCMAX_02 194 1.8871403 0 4.98E-04 

V$MAX_01 191 1.8833579 0 4.88E-04 

RRCCGTTA_UNKNOWN 60 1.8805019 0 5.43E-04 

V$USF2_Q6 175 1.8767983 0 5.79E-04 

V$E2F_03 172 1.8740809 0 6.23E-04 

V$E2F_Q6 158 1.8718417 0 6.22E-04 

V$E2F1DP1RB_01 157 1.8664417 0 6.32E-04 

GKCGCNNNNNNNTGAYG_UNKNOWN 37 1.8588238 0.002 6.21E-04 

TCCCRNNRTGC_UNKNOWN 130 1.843461 0 7.49E-04 

GCGNNANTTCC_UNKNOWN 84 1.8350445 0 7.73E-04 

V$PPARG_01 33 1.817667 0 9.38E-04 

V$E2F1_Q4_01 157 1.8146608 0 9.54E-04 

ACTAYRNNNCCCR_UNKNOWN 267 1.7817086 0 0.001634 

V$MYCMAX_B 189 1.7739251 0 0.001717 

V$E2F_Q3_01 157 1.7712921 0 0.001745 

V$HIF1_Q3 158 1.7664655 0 0.0018 

ACAACCT,MIR-453 37 1.7631853 0 0.00186 

V$ARNT_02 180 1.7551149 0 0.002089 

V$MYCMAX_03 185 1.742457 0 0.002641 

V$E2F_Q6_01 165 1.7394023 0 0.002739 

V$USF_01 187 1.7123437 0 0.003623 

V$ELK1_02 160 1.7056947 0 0.003823 

V$USF_02 194 1.6977297 0 0.004232 

V$E2F_Q3 154 1.6872753 0 0.004777 

V$HSF_Q6 128 1.6479686 0 0.007652 

TMTCGCGANR_UNKNOWN 95 1.6213504 0.002 0.010302 

V$USF_Q6 183 1.6086631 0 0.011812 
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V$GNCF_01 51 1.6071408 0.004 0.011743 

V$NRF1_Q6 161 1.600789 0.002 0.012199 

RGAANNTTC_V$HSF1_01 304 1.5802575 0 0.014713 

V$USF_Q6_01 172 1.5250968 0.002 0.027161 

GGAMTNNNNNTCCY_UNKNOWN 79 1.5089062 0.024 0.031872 

CCAGGTT,MIR-490 48 1.4661127 0.036 0.048543 

TAANNYSGCG_UNKNOWN 64 1.4615508 0.04 0.0497 

V$CREB_Q3 179 1.4433249 0 0.058875 

TGCGCANK_UNKNOWN 359 1.4405217 0 0.059409 

KTGGYRSGAA_UNKNOWN 48 1.4385936 0.037 0.059406 

V$HSF2_01 164 1.4362117 0.002 0.059983 

V$NFY_01 178 1.4293121 0.016 0.062902 

TCTGATA,MIR-361 70 1.418545 0.043 0.068592 

V$NRF2_01 167 1.4111856 0.035 0.072111 

YGCGYRCGC_UNKNOWN 205 1.4010464 0.014 0.077313 

V$NFY_Q6_01 184 1.4007344 0.022 0.076366 

CAGCAGG,MIR-370 114 1.391088 0.058 0.081119 

V$WHN_B 168 1.3840514 0.008 0.08472 

V$SF1_Q6 175 1.3779467 0.022 0.087938 

V$YY1_02 172 1.3641262 0.033 0.0978 

TGACCTTG_V$SF1_Q6 171 1.3597246 0.024 0.099952 

V$STAT1_02 172 1.3588438 0.03 0.099505 

V$NFMUE1_Q6 174 1.3584142 0.046 0.098546 

GTTTGTT,MIR-495 201 1.3531444 0.023 0.101566 

GCCATNTTG_V$YY1_Q6 306 1.3514677 0.01 0.101634 

V$E2F1_Q3_01 174 1.3496698 0.026 0.101772 

GGCNKCCATNK_UNKNOWN 86 1.3486866 0.015 0.101245 
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RYTGCNNRGNAAC_V$MIF1_01 49 1.3329343 0.048 0.112497 

V$CETS1P54_01 177 1.321976 0.031 0.118522 

V$AHR_Q5 147 1.3181944 0.013 0.120591 

V$E2F1_Q4 175 1.3169141 0.038 0.120555 

TTCYRGAA_UNKNOWN 219 1.3064907 0.026 0.12811 

CGTSACG_V$PAX3_B 99 1.2824242 0.059 0.141827 

V$HSF1_01 176 1.2569468 0.046 0.165951 

GTGACGY_V$E4F1_Q6 442 1.2327136 0.02 0.19535 
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Table A3: Table A3: GSEA result for MYC Repressed Genes (FDR<0.25, p-value <0.05) 

NAME SIZE NES 
NOM 
p-val 

FDR  
q-val 

TTGGAGA,MIR-515-5P,MIR-519E 110 -1.77769 0 0.194497 

V$FOXO1_01 172 -1.77511 0 0.103245 

AGCATTA,MIR-155 104 -1.71552 0.002 0.163771 

GTCTTCC,MIR-7 129 -1.70397 0 0.147491 

V$FREAC2_01 175 -1.68553 0 0.162962 

GCAAGGA,MIR-502 51 -1.67546 0.006 0.163882 

V$FOXO1_02 162 -1.67331 0 0.143262 

TTGCCAA,MIR-182 248 -1.6712 0 0.129373 

GCATTTG,MIR-105 129 -1.6696 0.002 0.117001 

V$EVI1_06 18 -1.65428 0.023 0.127751 
CAGTATT,MIR-200B,MIR-200C,MIR-
429 364 -1.64882 0 0.123889 

V$HOX13_01 27 -1.61493 0.014 0.169813 

ATGTACA,MIR-493 242 -1.61097 0 0.164686 

MYAATNNNNNNNGGC_UNKNOWN 92 -1.60865 0.002 0.155426 

TTTTGAG,MIR-373 178 -1.60383 0.002 0.151613 

ATGAAGG,MIR-205 123 -1.60105 0.004 0.147089 

AAGCACA,MIR-218 293 -1.60073 0 0.13938 

GGCACTT,MIR-519E 100 -1.59899 0.008 0.134582 

GTGACTT,MIR-224 121 -1.59674 0.002 0.130926 

ATATGCA,MIR-448 157 -1.59431 0.008 0.127544 

GTGCCAT,MIR-183 131 -1.59273 0 0.122873 

AACTGAC,MIR-223 77 -1.58805 0.004 0.124429 

V$TAXCREB_01 102 -1.58261 0.004 0.12817 
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V$PR_02 95 -1.57997 0 0.126491 

V$FOXO4_02 175 -1.57974 0 0.121657 

TACAATC,MIR-508 52 -1.57913 0.004 0.117625 

V$OCT1_03 156 -1.57822 0.004 0.114618 

TGTGTGA,MIR-377 151 -1.57717 0.004 0.111377 

V$NF1_Q6_01 169 -1.57509 0 0.109602 

V$MEIS1_01 160 -1.56678 0.002 0.115821 

V$SRF_Q5_01 170 -1.56342 0 0.11681 

GTACTGT,MIR-101 200 -1.55836 0.006 0.120123 

AAAYWAACM_V$HFH4_01 180 -1.55629 0.002 0.11862 

ACCAAAG,MIR-9 375 -1.55577 0.004 0.115903 

AAGCCAT,MIR-135A,MIR-135B 249 -1.55512 0 0.113087 
TGCACTT,MIR-519C,MIR-519B,MIR-
519A 330 -1.54872 0 0.118656 

CAGCACT,MIR-512-3P 106 -1.54459 0.017 0.120661 
GCACTTT,MIR-17-5P,MIR-20A,MIR-
106A,MIR-106B,MIR-20B,MIR-519D 442 -1.5439 0.002 0.118419 

AAGCACT,MIR-520F 168 -1.543 0.006 0.116511 

GTTAAAG,MIR-302B 52 -1.54187 0.01 0.114883 

V$AREB6_02 175 -1.54113 0.002 0.112843 

GTTATAT,MIR-410 75 -1.53598 0 0.117338 
AGCACTT,MIR-93,MIR-302A,MIR-
302B,MIR-302C,MIR-302D,MIR-
372,MIR-373,MIR-520E,MIR-
520A,MIR-526B,MIR-520B,MIR-
520C,MIR-520D 242 -1.53156 0.002 0.121627 

AATGTGA,MIR-23A,MIR-23B 329 -1.52117 0.004 0.131361 

AGTCTTA,MIR-499 56 -1.52095 0.021 0.128648 
TTGCACT,MIR-130A,MIR-301,MIR-
130B 306 -1.52044 0.002 0.126802 
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TACGGGT,MIR-99A,MIR-100,MIR-
99B 19 -1.51989 0.047 0.12515 

V$ATF3_Q6 177 -1.51984 0.008 0.122607 

GTATTAT,MIR-369-3P 152 -1.5185 0.024 0.121858 

TGACATY_UNKNOWN 448 -1.51683 0 0.121441 

CTTTGCA,MIR-527 191 -1.5156 0 0.119981 

TTTGCAC,MIR-19A,MIR-19B 393 -1.51284 0 0.120386 
TGAATGT,MIR-181A,MIR-181B,MIR-
181C,MIR-181D 368 -1.51263 0.002 0.118296 

GCACCTT,MIR-18A,MIR-18B 86 -1.51136 0.026 0.117674 

CTACTGT,MIR-199A 131 -1.51125 0.017 0.115833 

ATAGGAA,MIR-202 83 -1.51055 0.018 0.114495 

GTGTCAA,MIR-514 52 -1.50534 0.008 0.118066 

ATCATGA,MIR-433 84 -1.50395 0.024 0.117545 

V$HNF4_Q6 181 -1.5038 0.004 0.115652 

CCTGTGA,MIR-513 99 -1.50113 0.012 0.116699 

ACCAATC,MIR-509 34 -1.50101 0.044 0.114955 

GGGCATT,MIR-365 81 -1.50065 0.004 0.113376 

TACTTGA,MIR-26A,MIR-26B 216 -1.49629 0.008 0.116773 

GGCNNMSMYNTTG_UNKNOWN 55 -1.48996 0.019 0.122751 

V$AP1_Q6_01 187 -1.48971 0.008 0.121041 

V$SOX5_01 182 -1.48933 0.004 0.119488 

V$SRF_C 163 -1.48692 0.002 0.120673 

V$SP1_01 172 -1.48468 0.015 0.121287 

V$SRF_Q4 179 -1.48414 0.002 0.120385 

V$CHX10_01 154 -1.48148 0.004 0.121726 

CAGCTTT,MIR-320 192 -1.47911 0.002 0.123187 

V$ATF_01 185 -1.47516 0 0.126731 
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ACACTAC,MIR-142-3P 102 -1.47503 0.038 0.125178 

ACTGTGA,MIR-27A,MIR-27B 347 -1.47438 0.006 0.124208 

CATTTCA,MIR-203 215 -1.46851 0.027 0.129226 
TGGTGCT,MIR-29A,MIR-29B,MIR-
29C 370 -1.46801 0.008 0.128244 

YWATTWNNRGCT_UNKNOWN 47 -1.46224 0.043 0.133489 

V$RORA2_01 109 -1.46168 0.014 0.132556 

V$SOX9_B1 173 -1.45794 0.004 0.133719 

V$IK3_01 146 -1.45706 0.006 0.133792 

WGTTNNNNNAAA_UNKNOWN 383 -1.4567 0 0.132657 

ATGTAGC,MIR-221,MIR-222 96 -1.45524 0.026 0.132994 

V$ZIC2_01 171 -1.45519 0.004 0.131536 

TAATGTG,MIR-323 115 -1.45366 0.039 0.131958 

V$STAT4_01 175 -1.45276 0.002 0.131462 

CAGTGTT,MIR-141,MIR-200A 245 -1.4525 0.008 0.130215 

YKACATTT_UNKNOWN 186 -1.45236 0.004 0.128841 

V$CDPCR1_01 88 -1.45217 0.024 0.12755 

V$SRF_Q6 191 -1.45115 0.004 0.127258 
GTGCAAT,MIR-25,MIR-32,MIR-
92,MIR-363,MIR-367 235 -1.4499 0.01 0.127391 

V$LBP1_Q6 147 -1.44969 0.03 0.126324 

ATGCAGT,MIR-217 81 -1.44932 0.03 0.125295 

V$SRY_02 176 -1.44932 0.004 0.123962 

RAAGNYNNCTTY_UNKNOWN 94 -1.44719 0.01 0.125222 

V$TEF1_Q6 155 -1.44697 0.014 0.124386 

V$SRY_01 144 -1.44508 0.028 0.125362 

AACATTC,MIR-409-3P 113 -1.44505 0.004 0.124115 

ACTTTAT,MIR-142-5P 211 -1.44416 0.025 0.124035 
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V$FOXO4_01 161 -1.44043 0.006 0.125558 

WGGAATGY_V$TEF1_Q6 258 -1.43854 0.012 0.126954 

V$FOXO3_01 171 -1.43836 0.022 0.12592 

V$CREB_Q2 182 -1.43223 0.008 0.132368 

GTGCCTT,MIR-506 495 -1.4291 0.006 0.135791 

TAATAAT,MIR-126 162 -1.42213 0.018 0.14237 

TATTATA,MIR-374 221 -1.42139 0.021 0.141993 

CCAWYNNGAAR_UNKNOWN 94 -1.41987 0.026 0.141007 

SMTTTTGT_UNKNOWN 301 -1.41711 0.004 0.143356 

V$ISRE_01 164 -1.41612 0.004 0.143297 

V$AP1_Q4_01 186 -1.41552 0.018 0.142956 

AACTGGA,MIR-145 172 -1.41197 0.034 0.146851 

V$AP1_C 202 -1.40963 0.02 0.148645 

V$AP4_01 176 -1.40727 0.021 0.150387 

YTAATTAA_V$LHX3_01 128 -1.40653 0.034 0.150191 

V$YY1_01 175 -1.40634 0.012 0.149139 

V$MEIS1AHOXA9_01 79 -1.40249 0.017 0.152732 

TGCTGAY_UNKNOWN 370 -1.40154 0.002 0.152774 

RACCACAR_V$AML_Q6 169 -1.39872 0.014 0.155486 

V$FXR_IR1_Q6 80 -1.39872 0.048 0.154212 

TCTGATC,MIR-383 36 -1.39849 0.042 0.153339 

V$GR_01 136 -1.39758 0.006 0.153482 

V$TAL1ALPHAE47_01 167 -1.39667 0.004 0.153427 

V$FREAC4_01 98 -1.39599 0.029 0.153054 

V$E4F1_Q6 190 -1.39341 0.01 0.154263 

V$CP2_01 179 -1.39306 0.028 0.153605 
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V$SMAD4_Q6 168 -1.39275 0.037 0.152894 

CTTGTAT,MIR-381 161 -1.39271 0.034 0.151772 

YTAAYNGCT_UNKNOWN 108 -1.39156 0.019 0.150771 

YTATTTTNR_V$MEF2_02 476 -1.3915 0.002 0.149709 

CCAWWNAAGG_V$SRF_Q4 64 -1.39082 0.044 0.149434 

YAATNANRNNNCAG_UNKNOWN 47 -1.39015 0.043 0.149217 

V$TAL1BETAE47_01 171 -1.38645 0 0.153463 

GGCCAGT,MIR-193A,MIR-193B 73 -1.38545 0.047 0.153639 

V$ETS2_B 191 -1.38421 0.014 0.154356 

V$POU3F2_02 180 -1.38244 0.012 0.155821 

V$MYOGENIN_Q6 171 -1.38188 0.044 0.155441 

GGCAGCT,MIR-22 177 -1.38167 0.049 0.154615 

V$TCF11_01 163 -1.38154 0.028 0.153688 

V$CDC5_01 189 -1.37959 0.002 0.154186 

V$STAT5B_01 180 -1.37897 0.006 0.153807 
TGTTTAC,MIR-30A-5P,MIR-
30C,MIR-30D,MIR-30B,MIR-30E-5P 428 -1.37878 0.026 0.152943 

V$SP1_Q6 174 -1.3781 0.024 0.152936 

V$AML1_Q6 178 -1.37702 0.02 0.152417 

V$AML1_01 178 -1.37702 0.02 0.15344 

GGATTA_V$PITX2_Q2 399 -1.37503 0.006 0.154008 
TGCACTG,MIR-148A,MIR-152,MIR-
148B 219 -1.37427 0.014 0.153933 

GGGYGTGNY_UNKNOWN 454 -1.36986 0.014 0.157791 

V$CREBP1_01 119 -1.36907 0.033 0.15795 

V$GFI1_01 183 -1.36864 0.032 0.157405 

V$HEB_Q6 178 -1.36677 0.05 0.158831 

GTGTTGA,MIR-505 82 -1.3666 0.033 0.15705 
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TTTGTAG,MIR-520D 253 -1.36659 0.014 0.156068 

GCTTGAA,MIR-498 85 -1.36579 0.027 0.155132 

ACACTGG,MIR-199A,MIR-199B 125 -1.36456 0.036 0.155662 

V$LHX3_01 152 -1.36443 0.039 0.15483 

V$IK2_01 191 -1.3618 0.012 0.156603 

V$OCT1_06 184 -1.3615 0.025 0.156042 

ATGCTGC,MIR-103,MIR-107 163 -1.36001 0.036 0.156989 

AAGCAAT,MIR-137 163 -1.35978 0.032 0.156362 

V$CEBPB_01 191 -1.35913 0.014 0.156102 

ACATTCC,MIR-1,MIR-206 231 -1.35832 0.008 0.156122 

V$IRF7_01 174 -1.35827 0.016 0.155265 

TGCCTTA,MIR-124A 418 -1.35362 0.022 0.158942 

V$DR4_Q2 170 -1.35089 0.022 0.162054 

V$IRF1_Q6 179 -1.34529 0.039 0.166719 

V$AREB6_01 173 -1.34433 0.034 0.165166 

V$CEBPB_02 188 -1.34398 0.043 0.163889 

V$LEF1_Q6 184 -1.34311 0.018 0.164231 

V$XBP1_01 101 -1.34247 0.032 0.164149 

V$ER_Q6 187 -1.34183 0.037 0.164339 

V$OCT1_B 182 -1.34173 0.022 0.163593 

V$CRX_Q4 191 -1.33743 0.008 0.165335 

V$CREBP1_Q2 174 -1.33666 0.01 0.165632 

TGAYRTCA_V$ATF3_Q6 366 -1.33604 0.006 0.165722 

V$NKX25_02 175 -1.33123 0.015 0.169613 

V$OCT_C 184 -1.33006 0.026 0.169441 

V$NFE2_01 200 -1.32895 0.036 0.169493 
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V$MAF_Q6 185 -1.32801 0.02 0.170063 

V$PAX2_02 181 -1.32617 0.043 0.170919 

V$AP3_Q6 174 -1.32337 0.032 0.174035 

V$CHOP_01 177 -1.32017 0.023 0.176105 

V$SP1_Q2_01 179 -1.31928 0.044 0.176555 

V$MEF2_01 108 -1.31606 0.049 0.178291 

V$GR_Q6 182 -1.31435 0.029 0.178074 

V$CREB_Q4 175 -1.31149 0.048 0.180479 

V$HOXA4_Q2 185 -1.31076 0.028 0.179708 

V$STAT5A_01 178 -1.30844 0.04 0.179662 

V$HNF4ALPHA_Q6 182 -1.30807 0.024 0.179236 

V$FOXM1_01 169 -1.30728 0.041 0.179458 

V$GATA6_01 184 -1.30467 0.045 0.180677 

AAAYRNCTG_UNKNOWN 262 -1.30401 0.047 0.180026 

V$CEBP_Q2_01 197 -1.30359 0.044 0.179767 

V$FAC1_01 149 -1.29954 0.045 0.182975 

V$HNF1_Q6 182 -1.29847 0.042 0.182954 

TGCTTTG,MIR-330 245 -1.29612 0.046 0.183959 

WCAANNNYCAG_UNKNOWN 157 -1.29044 0.043 0.184542 

V$NFAT_Q4_01 184 -1.28384 0.02 0.190024 

V$TAL1BETAITF2_01 164 -1.28213 0.043 0.191674 

TCANNTGAY_V$SREBP1_01 320 -1.27431 0.039 0.196138 

TGCCAAR_V$NF1_Q6 474 -1.27151 0.041 0.198554 
TGCTGCT,MIR-15A,MIR-16,MIR-
15B,MIR-195,MIR-424,MIR-497 459 -1.24234 0.045 0.215932 
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Table A4: miRNAs differentially regulated by Myc miRNA expression profile. 

Repressed microRNAs Induced microRNAs 

hsa-miR-100* hsa-let-7f 

hsa-miR-122 hsa-let-7f-2* 

hsa-miR-125a-3p hsa-let-7g* 

hsa-miR-125b-1* hsa-miR-100 

hsa-miR-129-5p hsa-miR-101 

hsa-miR-140-5p hsa-miR-1180 

hsa-miR-154* hsa-miR-130a 

hsa-miR-15b* hsa-miR-136 

hsa-miR-192 hsa-miR-140-5p 

hsa-miR-20b* hsa-miR-15b 

hsa-miR-28-5p hsa-miR-17* 

hsa-miR-302a hsa-miR-183 

hsa-miR-30b* hsa-miR-185* 

hsa-miR-372 hsa-miR-18a 

hsa-miR-374a hsa-miR-18b 

hsa-miR-374a* hsa-miR-191 

hsa-miR-450a hsa-miR-192 

hsa-miR-490-3p hsa-miR-193b 

hsa-miR-501-3p hsa-miR-198 

hsa-miR-519c-5p/hsa-miR-519b-5p/hsa-miR-

523*/hsa-miR-518e*/hsa-miR-522*/hsa-miR-

519a* 

hsa-miR-200c* 

hsa-miR-520b/hsa-miR-520c-3p hsa-miR-208a 

hsa-miR-526b hsa-miR-20a 
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hsa-miR-545 hsa-miR-212 

hsa-miR-548d-3p hsa-miR-221 

hsa-miR-549 hsa-miR-222 

hsa-miR-562 hsa-miR-23b 

hsa-miR-576-3p hsa-miR-299-3p 

hsa-miR-585 hsa-miR-29b 

hsa-miR-597 hsa-miR-302c 

hsa-miR-603 hsa-miR-32* 

hsa-miR-611 hsa-miR-324-5p 

hsa-miR-615-3p hsa-miR-325 

hsa-miR-637 hsa-miR-338-5p 

hsa-miR-648 hsa-miR-33a 

hsa-miR-650 hsa-miR-340 

hsa-miR-654-5p hsa-miR-361-5p 

hsa-miR-671-3p hsa-miR-369-3p 

 hsa-miR-375 

 hsa-miR-449b 

 hsa-miR-483-5p 

 hsa-miR-485-5p 

 hsa-miR-487b 

 hsa-miR-491-3p 

 hsa-miR-507 

 hsa-miR-512-3p 

 hsa-miR-518c 

 hsa-miR-519e 

 hsa-miR-525-5p 
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 hsa-miR-573 

 hsa-miR-586 

 hsa-miR-590-5p 

 hsa-miR-610 

 hsa-miR-622 

 hsa-miR-630 

 hsa-miR-644 

 hsa-miR-652 

 hsa-miR-886-5p 

 hsa-miR-92b 

 hsa-miR-98 
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Table A5: Primer sequences used for PTEN mutageneis 

ID Sequence 

Primers for site-directed mutagenesis 

231mismatch.Fwd ACAACTACTATTGTAAAGCTAAGAGGAAGATATTAT 

232mismatch.Fwd TTATTATTTTTCCTTTGGAAGAGGAAGGTCTGAA 

231reverse TTAGCTTTACAATAGTAGTTGTACTCCGCTTA 

232reverse ATTCCAAAGGAAAAATAATAACAGTGCAAAA 

193mismatch.Fwd CATCTCCTGTGTAATCAAGGAAGGTGCTAAAAT 

193 reverse TGCTGAAGAGGTAGAGGACACATTAGTTCC 

Primers for PTEN 3’-UTR luciferase reporter 

P3'UTRFwd.XhoI CTGCTCGAGCCACAGGGTTTTGACACTTG 

P3'UTRRvs.NotI TATGCGGCCGCATGCCATTTTTCCATTTCCA 
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Table A6: Parameters for GSEA implementation 

producer_class xtools.gsea.Gsea 

producer_timestamp 1.23359E+12 

param collapse TRUE 

param plot_top_x 1000 

param norm meandiv 

param save_rnd_lists FALSE 

param median FALSE 

param num 100 

param scoring_scheme weighted 

param make_sets TRUE 

param mode Max_probe 

param gmx gseaftp.broad.mit.edu://pub/gsea/gene_sets/c3.all.v2.5.symbols.gmt 

param gui FALSE 

param chip gseaftp.broad.mit.edu://pub/gsea/annotations/HG_U133A.chip 

param metric Signal2Noise 

param rpt_label MYC_GFP 

param help FALSE 

param order descending 

param permute phenotype 

param rnd_type no_balance 

param set_min 15 

param include_only_symbols TRUE 

param sort real 

param rnd_seed timestamp 
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param nperm 1000 

param zip_report FALSE 

param set_max 500 
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Table A7: Top 100 GSEA Results of gene sets enriched in E2F1 induced genes. 

NAME SIZE NES 
NOM  
p-val 

FDR  
q-val 

AACTGAC,MIR-223 91 -1.90182 0 0.058323 

V$E2F1_Q3 195 -1.90082 0 0.029161 

V$E2F1DP1RB_01 191 -1.87004 0 0.030053 

V$E2F_Q4 194 -1.8542 0.002008 0.026818 

V$ZF5_01 196 -1.83689 0 0.029812 

V$E2F_Q6 192 -1.83435 0.00202 0.026109 

V$E2F4DP1_01 200 -1.83202 0.001988 0.023505 

V$E2F_02 195 -1.81985 0.002012 0.022291 

V$E2F4DP2_01 195 -1.81844 0.002008 0.016584 

V$E2F1DP1_01 195 -1.81844 0.002008 0.018242 

V$E2F1DP2_01 195 -1.81844 0.002008 0.020269 

V$E2F1_Q3_01 208 -1.81746 0 0.01528 

V$E2F1_Q6 191 -1.81177 0.002012 0.015235 

GTGTCAA,MIR-514 58 -1.80842 0 0.014696 

V$E2F_Q6_01 191 -1.79349 0.003992 0.016671 
TACGGGT,MIR-99A,MIR-100,MIR-
99B 22 -1.79333 0.00198 0.015695 

V$E2F_Q3 180 -1.78826 0.004057 0.015905 

V$E2F_Q4_01 191 -1.7747 0.006061 0.018282 

V$E2F_Q3_01 188 -1.77124 0.004107 0.017998 

V$E2F_03 194 -1.76357 0.004008 0.018471 

ATGTAGC,MIR-221,MIR-222 124 -1.75943 0 0.019021 

SGCGSSAAA_V$E2F1DP2_01 141 -1.75757 0.002062 0.01858 

CAGTCAC,MIR-134 45 -1.72883 0.008048 0.025351 

V$E2F1_Q4_01 184 -1.72686 0.008197 0.024772 

V$E2F1_Q6_01 202 -1.72636 0.006224 0.024089 

YGCGYRCGC_UNKNOWN 251 -1.72529 0.001953 0.023202 

ACCATTT,MIR-522 151 -1.72391 0.002024 0.022676 
TTGCACT,MIR-130A,MIR-301,MIR-
130B 376 -1.72116 0 0.022819 
CAGTATT,MIR-200B,MIR-200C,MIR-
429 431 -1.71694 0.001996 0.023168 

GTTATAT,MIR-410 88 -1.70201 0.00198 0.026463 

GCTTGAA,MIR-498 103 -1.69601 0.001988 0.027989 

V$ARNT_02 208 -1.68543 0.002028 0.030746 
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AGCACTT,MIR-93,MIR-302A,MIR-
302B,MIR-302C,MIR-302D,MIR-
372,MIR-373,MIR-520E,MIR-
520A,MIR-526B,MIR-520B,MIR-
520C,MIR-520D 305 -1.68288 0 0.030635 

TACTTGA,MIR-26A,MIR-26B 274 -1.66302 0.00207 0.037211 

RNTCANNRNNYNATTW_UNKNOWN 55 -1.6592 0 0.038676 

GTAAACC,MIR-299-5P 46 -1.65443 0.005859 0.039909 

CTTGTAT,MIR-381 190 -1.64992 0 0.04161 

ACTGAAA,MIR-30A-3P,MIR-30E-3P 182 -1.64817 0.00396 0.041217 

GTAGGCA,MIR-189 27 -1.64549 0.029528 0.041389 

ACTGTAG,MIR-139 118 -1.63938 0 0.043237 

V$SP1_Q6 203 -1.63514 0.003953 0.043959 
TGCACTT,MIR-519C,MIR-519B,MIR-
519A 407 -1.62444 0.003984 0.048021 

ACACTAC,MIR-142-3P 124 -1.62434 0.006135 0.04701 

ATGTACA,MIR-493 287 -1.6232 0.009843 0.046309 

V$MYCMAX_B 227 -1.62101 0.001984 0.046464 

V$SREBP1_01 144 -1.61972 0.001969 0.046178 

CTGTTAC,MIR-194 98 -1.61153 0.034836 0.049729 

GCCNNNWTAAR_UNKNOWN 123 -1.61127 0.004065 0.048777 

TAATGTG,MIR-323 148 -1.61045 0.007797 0.048231 

V$GR_Q6_01 221 -1.60615 0.001988 0.049699 

CACTGTG,MIR-128A,MIR-128B 302 -1.60074 0.002004 0.052091 

V$USF2_Q6 204 -1.5964 0.003968 0.053786 

TGANNYRGCA_V$TCF11MAFG_01 249 -1.59616 0 0.052945 

GCACCTT,MIR-18A,MIR-18B 105 -1.59239 0.003802 0.054455 

YGCANTGCR_UNKNOWN 107 -1.58792 0 0.056259 

ATAGGAA,MIR-202 97 -1.58789 0.017964 0.055254 

ATACTGT,MIR-144 191 -1.58714 0.002066 0.054673 

V$NGFIC_01 208 -1.58518 0.007797 0.054883 

CATGTAA,MIR-496 164 -1.57998 0.008114 0.057342 

CGTSACG_V$PAX3_B 114 -1.57495 0.007968 0.059316 

AGCATTA,MIR-155 124 -1.57402 0.001992 0.058761 

V$TCF1P_Q6 205 -1.572 0 0.059296 

V$E2F_Q2 132 -1.57013 0.005859 0.059488 

GGCNRNWCTTYS_UNKNOWN 64 -1.56993 0.009823 0.058711 

GTACTGT,MIR-101 235 -1.56411 0.006224 0.061637 

TGCTTTG,MIR-330 304 -1.56046 0.003992 0.062892 
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TTGCCAA,MIR-182 299 -1.56034 0 0.062059 

V$HLF_01 213 -1.55916 0.004149 0.061749 

V$LEF1_Q2 173 -1.55571 0.00409 0.063321 

CATTTCA,MIR-203 262 -1.55229 0.006198 0.06465 

V$AHR_Q5 184 -1.54949 0.004115 0.06561 

GTATTAT,MIR-369-3P 184 -1.54798 0.01217 0.065756 

V$USF_Q6_01 199 -1.5468 0.001984 0.065653 

TTTTGAG,MIR-373 204 -1.54314 0.004107 0.067007 

GACAATC,MIR-219 137 -1.54293 0.005988 0.066311 

TATCTGG,MIR-488 56 -1.54124 0.033543 0.066402 

ACCAAAG,MIR-9 468 -1.53906 0.003937 0.067178 

V$HIF1_Q5 201 -1.53724 0.002101 0.067411 

V$SP1_Q2_01 210 -1.53673 0.012121 0.066986 

TACAATC,MIR-508 59 -1.53607 0.027184 0.06648 

CCAWNWWNNNGGC_UNKNOWN 66 -1.53392 0.025692 0.067137 

GCGNNANTTCC_UNKNOWN 98 -1.53205 0.023301 0.067796 

V$TAXCREB_01 119 -1.53021 0.011834 0.067528 

CGGAARNGGCNG_UNKNOWN 39 -1.52823 0.015779 0.06818 

AATGTGA,MIR-23A,MIR-23B 392 -1.52677 0 0.068201 

AAGCCAT,MIR-135A,MIR-135B 305 -1.5267 0.004149 0.067463 

CATTGTYY_V$SOX9_B1 303 -1.52601 0 0.067302 

ATGTTAA,MIR-302C 224 -1.52432 0.015504 0.067575 

TTTGCAG,MIR-518A-2 191 -1.5234 0.002037 0.067473 

TTTGCAC,MIR-19A,MIR-19B 486 -1.5216 0.004124 0.06796 

AAAGGAT,MIR-501 122 -1.52032 0.036735 0.06813 

ATGAAGG,MIR-205 142 -1.51797 0.010309 0.068898 

V$EGR1_01 216 -1.51788 0.018072 0.0682 

V$WHN_B 205 -1.51721 0.00207 0.067986 

MYAATNNNNNNNGGC_UNKNOWN 103 -1.51421 0.005952 0.06917 

GCTGAGT,MIR-512-5P 48 -1.51384 0.00994 0.068598 

TAGCTTT,MIR-9 221 -1.51293 0.003883 0.068651 

GGCNKCCATNK_UNKNOWN 94 -1.51016 0.028 0.069882 

V$SP1_01 206 -1.5073 0.005803 0.071303 

CAGTGTT,MIR-141,MIR-200A 287 -1.50635 0.021142 0.071214 
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Table A8: Top 100 GSEA Results of gene sets enriched in E2F3 induced genes. 

NAME SIZE NES 
NOM  
p-val 

FDR  
q-val 

GTAAGAT,MIR-200A 52 -2.07046 0 0.003314 

V$E2F_Q3_01 188 -2.04087 0 0.002209 

V$E2F1_Q4_01 184 -2.02832 0 0.001657 

V$ZF5_01 196 -2.02604 0 0.001325 

ATGTAGC,MIR-221,MIR-222 124 -2.02044 0 0.001105 

V$E2F_Q3 180 -2.01594 0 0.001641 

V$E2F1_Q4 199 -2.00788 0 0.001608 

V$E2F_Q2 132 -1.99905 0 0.0016 

YGCANTGCR_UNKNOWN 107 -1.99092 0 0.001706 

V$E2F_Q4 194 -1.98627 0 0.002134 

V$E2F_03 194 -1.98007 0 0.001956 

V$E2F1DP1RB_01 191 -1.97211 0 0.001923 

V$E2F_Q4_01 191 -1.96448 0 0.001908 

TATCTGG,MIR-488 56 -1.94557 0 0.002786 

V$E2F_Q6 192 -1.93611 0 0.002891 

V$NGFIC_01 208 -1.93054 0 0.003104 

V$E2F_Q6_01 191 -1.92735 0 0.003419 

V$E2F1_Q3 195 -1.9175 0 0.003528 

V$ZF5_B 204 -1.9169 0 0.003351 

V$E2F1_Q6_01 202 -1.8952 0 0.004739 

AAAGGAT,MIR-501 122 -1.89113 0 0.004679 

CTTGTAT,MIR-381 190 -1.88755 0 0.004525 

ATGTACA,MIR-493 287 -1.88702 0 0.004337 

V$E2F1_Q6 191 -1.88099 0 0.004528 

CTATGCA,MIR-153 199 -1.87546 0 0.004394 

V$ARNT_02 208 -1.87368 0 0.004354 

CATGTAA,MIR-496 164 -1.86613 0 0.004658 

SGCGSSAAA_V$E2F1DP2_01 141 -1.86581 0 0.004498 
GTGCAAT,MIR-25,MIR-32,MIR-
92,MIR-363,MIR-367 280 -1.85512 0 0.004897 

TTCCGTT,MIR-191 27 -1.85423 0 0.004739 

V$EGR1_01 216 -1.8465 0 0.004836 

WYAAANNRNNNGCG_UNKNOWN 49 -1.84398 0.003868 0.00481 

CAGTGTT,MIR-141,MIR-200A 287 -1.83853 0 0.005173 
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V$GRE_C 110 -1.83392 0 0.005268 

V$E2F4DP2_01 195 -1.83202 0 0.004921 

V$E2F1DP1_01 195 -1.83202 0 0.005054 

V$E2F1DP2_01 195 -1.83202 0 0.005194 

V$E2F_02 195 -1.83105 0 0.004855 

V$E2F4DP1_01 200 -1.82461 0 0.004969 
TTGCACT,MIR-130A,MIR-301,MIR-
130B 376 -1.81862 0 0.00536 

V$AP2_Q6 215 -1.81813 0 0.005233 

V$SP1_Q2_01 210 -1.81694 0 0.00516 

YRCCAKNNGNCGC_UNKNOWN 58 -1.81365 0.002058 0.005184 

V$E2F1_Q3_01 208 -1.80743 0 0.005591 

V$SRF_Q4 201 -1.80052 0 0.005875 

AGTCTTA,MIR-499 68 -1.78947 0.001894 0.006399 
AGCACTT,MIR-93,MIR-302A,MIR-
302B,MIR-302C,MIR-302D,MIR-
372,MIR-373,MIR-520E,MIR-
520A,MIR-526B,MIR-520B,MIR-
520C,MIR-520D 305 -1.78583 0 0.006574 

V$FOXO1_02 195 -1.78564 0 0.00644 

V$SP1_Q6 203 -1.78352 0 0.006644 

V$AP2_Q3 213 -1.78334 0 0.006514 

AACTGAC,MIR-223 91 -1.78315 0.001927 0.006389 

V$USF_01 221 -1.78102 0 0.006651 

V$SOX9_B1 198 -1.7803 0 0.006567 

ACAGGGT,MIR-10A,MIR-10B 119 -1.77837 0 0.006568 

V$WHN_B 205 -1.77706 0 0.00661 

TAGCTTT,MIR-9 221 -1.77467 0 0.006679 

CAGTCAC,MIR-134 45 -1.77452 0 0.006584 

GCTTGAA,MIR-498 103 -1.77419 0 0.006527 

ACCAAAG,MIR-9 468 -1.77292 0 0.006589 

ATACTGT,MIR-144 191 -1.76918 0.001912 0.006761 

V$MYCMAX_03 217 -1.76696 0 0.00685 

MCAATNNNNNGCG_UNKNOWN 73 -1.76666 0 0.00677 

GCCNNNWTAAR_UNKNOWN 123 -1.75988 0 0.007315 

V$USF2_Q6 204 -1.75636 0 0.007606 

V$FREAC3_01 207 -1.75578 0 0.007604 

ATATGCA,MIR-448 186 -1.7552 0.001912 0.007539 
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GACAATC,MIR-219 137 -1.75469 0.002012 0.007524 

GTGCCAA,MIR-96 283 -1.75294 0.002037 0.007557 

GGCNRNWCTTYS_UNKNOWN 64 -1.7506 0.005859 0.007829 

GGGNRMNNYCAT_UNKNOWN 69 -1.74663 0 0.008124 

GGCNNMSMYNTTG_UNKNOWN 58 -1.7377 0 0.008846 

TTGGGAG,MIR-150 84 -1.73673 0 0.008907 

V$ER_Q6_02 213 -1.73365 0 0.009125 

V$PIT1_Q6 203 -1.73359 0 0.009003 
TGCACTT,MIR-519C,MIR-519B,MIR-
519A 407 -1.7306 0 0.009373 

WTTGKCTG_UNKNOWN 429 -1.72971 0 0.009364 

ACACTCC,MIR-122A 70 -1.72759 0.001957 0.009463 

TTTGCAG,MIR-518A-2 191 -1.72624 0 0.009465 

GTTAAAG,MIR-302B 61 -1.72574 0 0.009379 

GAGCTGG,MIR-337 145 -1.72394 0 0.009628 

V$SP1_Q4_01 208 -1.72171 0.001908 0.009856 

V$ALPHACP1_01 213 -1.72028 0 0.009879 

V$MAX_01 223 -1.71779 0 0.010186 

GACTGTT,MIR-212,MIR-132 147 -1.71538 0 0.010462 

GTACTGT,MIR-101 235 -1.71423 0 0.010466 

ACTGTAG,MIR-139 118 -1.71298 0 0.010484 

RRAGTTGT_UNKNOWN 212 -1.71044 0 0.010656 
CAGTATT,MIR-200B,MIR-200C,MIR-
429 431 -1.71007 0 0.010647 

ATTCTTT,MIR-186 249 -1.70798 0.003937 0.010793 

TACTTGA,MIR-26A,MIR-26B 274 -1.70679 0.005825 0.010825 

V$CP2_02 199 -1.7041 0 0.010984 

V$TGIF_01 190 -1.70314 0 0.010963 

V$EGR3_01 65 -1.70289 0.001996 0.010859 

V$USF_Q6 212 -1.69923 0 0.011183 

TTGCCAA,MIR-182 299 -1.6986 0 0.011163 

CACTGTG,MIR-128A,MIR-128B 302 -1.69827 0 0.011101 

CACGTTT,MIR-302A 27 -1.69496 0.011881 0.011506 

STTTCRNTTT_V$IRF_Q6 159 -1.69235 0 0.011733 

V$CEBP_Q2 191 -1.68882 0 0.012092 

WWTAAGGC_UNKNOWN 124 -1.68317 0 0.012762 
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Table A9: List of miRNAs differentiall regulated by E2F1. 

Repressed microRNAs Induced microRNAs 

hsa-let-7e hsa-let-7d 

hsa-miR-105 hsa-miR-100 

hsa-miR-106b* hsa-miR-103 

hsa-miR-125b-1* hsa-miR-105 

hsa-miR-137 hsa-miR-106a/hsa-miR-17 

hsa-miR-15b* hsa-miR-107 

hsa-miR-16-1* hsa-miR-10a 

hsa-miR-182 hsa-miR-124 

hsa-miR-183 hsa-miR-125a-5p 

hsa-miR-184 hsa-miR-126 

hsa-miR-194 hsa-miR-132 

hsa-miR-2110 hsa-miR-133a/hsa-miR-133b 

hsa-miR-220a hsa-miR-134 

hsa-miR-27a* hsa-miR-135a 

hsa-miR-340 hsa-miR-135b 

hsa-miR-34b* hsa-miR-136 

hsa-miR-381 hsa-miR-137 

hsa-miR-411 hsa-miR-138 

hsa-miR-422a hsa-miR-142-3p 
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hsa-miR-429 hsa-miR-142-5p 

hsa-miR-431 hsa-miR-143 

hsa-miR-453 hsa-miR-146a 

hsa-miR-483-5p hsa-miR-148a* 

hsa-miR-485-5p hsa-miR-148b 

hsa-miR-493* hsa-miR-149 

hsa-miR-502-5p hsa-miR-150 

hsa-miR-506 hsa-miR-151-3p 

hsa-miR-515-5p hsa-miR-151-5p 

hsa-miR-516b hsa-miR-15b 

hsa-miR-517* hsa-miR-16 

hsa-miR-517a/hsa-miR-517b hsa-miR-181a-2* 

hsa-miR-517c hsa-miR-185 

hsa-miR-518e hsa-miR-193a-3p 

hsa-miR-519e hsa-miR-195 

hsa-miR-520c-3p/hsa-miR-520f hsa-miR-19a 

hsa-miR-520g/hsa-miR-520h hsa-miR-19b 

hsa-miR-526b* hsa-miR-200a 

hsa-miR-532-5p hsa-miR-200a* 

hsa-miR-541* hsa-miR-200b 

hsa-miR-544 hsa-miR-200b* 

hsa-miR-548a-5p hsa-miR-200c* 
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hsa-miR-548b-3p hsa-miR-206 

hsa-miR-551a hsa-miR-20a 

hsa-miR-582-5p hsa-miR-20b 

hsa-miR-584 hsa-miR-214 

hsa-miR-588 hsa-miR-22 

hsa-miR-595 hsa-miR-223 

hsa-miR-601 hsa-miR-23b 

hsa-miR-606 hsa-miR-27b 

hsa-miR-616* hsa-miR-28-5p 

hsa-miR-617 hsa-miR-299-5p 

hsa-miR-629 hsa-miR-29c 

hsa-miR-634 hsa-miR-30b 

hsa-miR-648 hsa-miR-30c 

hsa-miR-651 hsa-miR-30d 

hsa-miR-657 hsa-miR-325 

hsa-miR-675* hsa-miR-331-3p 

hsa-miR-873 hsa-miR-331-5p 

hsa-miR-96 hsa-miR-335 

hsa-miR-99a* hsa-miR-337-5p 

hsa-miR-99b* hsa-miR-338-3p 

 hsa-miR-339-3p 

 hsa-miR-342-3p 
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 hsa-miR-346 

 hsa-miR-34c-5p 

 hsa-miR-361-5p 

 hsa-miR-362-3p 

 hsa-miR-365 

 hsa-miR-378 

 hsa-miR-378* 

 hsa-miR-409-5p 

 hsa-miR-410 

 hsa-miR-412 

 hsa-miR-421 

 hsa-miR-423-3p 

 hsa-miR-432 

 hsa-miR-432* 

 hsa-miR-451 

 hsa-miR-486-5p 

 hsa-miR-487a 

 hsa-miR-487b 

 hsa-miR-490-3p 

 hsa-miR-490-5p 

 hsa-miR-499-5p 

 hsa-miR-500 
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 hsa-miR-500*/hsa-miR-502-3p 

 hsa-miR-501-5p 

 hsa-miR-508-3p 

 hsa-miR-520a-3p 

 hsa-miR-520a-5p 

 hsa-miR-521 

 hsa-miR-549 

 hsa-miR-550* 

 hsa-miR-554 

 hsa-miR-557 

 hsa-miR-571 

 hsa-miR-591 

 hsa-miR-592 

 hsa-miR-596 

 hsa-miR-604 

 hsa-miR-606 

 hsa-miR-611 

 hsa-miR-625* 

 hsa-miR-629* 

 hsa-miR-631 

 hsa-miR-635 

 hsa-miR-639 
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 hsa-miR-643 

 hsa-miR-650 

 hsa-miR-652 

 hsa-miR-708* 

 hsa-miR-874 

 hsa-miR-875-3p 

 hsa-miR-885-5p 

 hsa-miR-92a 

 hsa-miR-99a 

 hsa-miR-99b 
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