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The small GTPase Rheb has been found to be overexpressed in some tumors, 

and its overexpression is thought to promote tumor growth by maintaining activation 

of the mTORC1 protein complex in the nutrient deficient tumor environment.  At 

this time, the mechanism that leads to increased Rheb levels in tumor cells is 

unknown.  In this proposal we characterized the functional elements of the Rheb 

promoter.  We cloned a 1360 base pair region of the human Rheb promoter and 

tested its activity using luciferase reporter assays.  We then generated several 5’ 

truncations. The 5’ truncation data pointed to a region between -316 and -113 where 

a significant activity decrease could be associated with the presence of an important   
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Rheb promoter core element.  Further investigation using 5’RACE PCR led us to the 

discovery of a putative transcriptional start site in the context of an Initiator element 

(Inr) 101 nucleotides upstream of the translational start site.  Unfortunately, 

mutational analysis of the Inr failed to demonstrate that it served as the main 

transcriptional start site.  
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INTRODUCTION 
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Cancer Statistics  
 

According to a yearly study conducted by the American Cancer Society using 

data from the National Cancer Institute, the Centers for Disease Control and 

Prevention, and the National Center for Health Statistics, in the United States, cancer 

accounts for a quarter of all the total number deaths. The number of people currently 

diagnosed with cancer is in the millions. In the year 2012, over 1,638,910 cases of 

cancer were diagnosed, of which 577,190 resulted in death (Siegel et al., 2012). A 

total of 1,660,290 new cancer cases and 580,350 cancer deaths are projected to occur 

in the United States in 2013 (Siegel et al., 2013). 

 

Cancer Biology 

       Understanding how cancer develops begins with the recognition that cancer is a 

multistep process; it is the result of many errors in one or more of the cell’s natural 

growth processes. These processes include the persistence of proliferation signals, the 

evasion of growth suppressor signals, loss of apoptosis, cell immortality, and the 

activation of metastatic strategies to invade other tissues (Hanahan and Weinberg, 

2011). Cells gain these pro-proliferative and anti-apoptotic characteristics by acquiring 

an extensive number of genetic and epigenetic changes which then drive normal cells 

towards malignancy (Valdespino-Gomez and Valdespino-Castillo, 2010). 

     Metastatic propagation embodies one of the dire aspects of cancers.  Metastasis 

encompasses a large number of complex interactions between the stroma and the 

tumorigenic cells, some of the signaling pathways involved are the integrin pathway, 
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the transforming growth factor beta (TGFβ) pathway, and the chemokine pathway 

(Robert, 2013).  Using therapeutic antibodies or small molecules inhibiting the kinases 

involved in these signaling pathways, it is be possible to develop novel cancer 

treatments, but not a single anti-metastatic drug has yet been proposed (Robert, 2013). 

One of the important and more approachable aspects of cancer research is to 

gain an understanding how cells proliferate, and the elucidation of the pathways that 

are involved in cell growth. This knowledge can be used as a starting point to identify 

the various abnormalities that can occur in the cell growth signaling pathways, and 

how these abnormalities affect the cells and their development in the human body 

(Sarbassov et al., 2005). Among the well-studied and characterized cell growth and 

proliferation pathways, the RAS (Rat Sarcoma), the mTOR (mammalian target of 

Rapamycin), and TKRs (Tyrosine Kinase Receptor) and/or their downstream signal 

transduction pathways have all been shown to play a critical role in oncogenesis 

(Hanahan and Weinberg, 2011). 

 

The mTOR Pathway (Fig. 1)  

 

As mentioned above, one of the key cell growth pathways signals through a 

serine/threonine kinase named mTOR (Vezina et al., 1975).  mTOR belongs to the 

phospho-inositide 3-kinase (PI3K)-related kinase family and is conserved throughout 

evolution from yeast to man.  As its name implies, mTOR was discovered as the target 

of the immunosuppressive drug Rapamycin.  When mTOR is in its active state, it 

promotes cell growth and proliferation (Laplante and Sabatini, 2012). Additionally, 
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mTOR has been identified as a key protein in the regulation of some important cellular 

processes, including autophagy, metabolism, and ribosome biogenesis (Laplante and 

Sabatini, 2009). 

The mTOR kinase is present in the cell in two distinct complexes. The mTOR 

complex 1 (mTORC1), which is composed of mTOR, Raptor, GβL (mLST8), and 

Deptor and is partially inhibited by rapamycin, and the mTOR complex 2 (mTORC2), 

which is not sensitive to Rapamycin, and comprises mTOR, Rictor, GβL, Sin1, 

PRR5/Protor-1, and Deptor (Peterson et al., 2009). The differences between mTORC1 

and mTORC2 are mainly in their structural compositions, how sensitive they are to 

their target Rapamycin, the kind of signaling they receive from the environment, and 

the regulatory activity they exert (Laplante and Sabatini, 2012). mTORC1 promotes 

cellular growth when conditions are favorable and nutrients are abundant and readily 

available, or catabolic processes during stress or when conditions are unfavorable (ex. 

low levels of nutrients). The mTOR complex 2 (mTORC2) promotes cellular survival 

by activating Akt (also known as PKB), regulates cytoskeletal dynamics by activating 

PKCα, and controls ion transport via SGK1 phosphorylation (Dunlop and Tee, 2009). 

Several upstream regulators have been identified that play an important role in 

the activity of the mTOR pathway; among them, a tumor suppressor complex TSC1/2 

(Tuberous Sclerosis Protein 1 and 2), and a small GTPase called Rheb (Ras 

Homologue Enriched in the Brain), which can also form complexes with mTOR 

(Hanrahan and Blenis, 2006). 
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While several upstream signals and cellular functions have been identified for 

the mTORC1 complex, little is known about the mTORC2 complex, and the signaling 

pathways that lead to its activation have not been well characterized (Laplante and 

Sabatini, 2009).  

mTORC1 regulates growths by integrating signals from membrane surface 

receptors that respond to a variety of stimulii such as growth factors, oxygen levels, 

energy status and amino acids. The activity of mTORC1 is regulated by a coordinated 

modulation of two proteins, TSC1 and TSC2. TSC1 and 2 form a stable complex 

(TSC1/2) which functions as a GTPase-activating protein (GAP) for the small Ras-

related GTPase Rheb (Li et al., 2004). The active, GTP-bound form of Rheb is directly 

bound to mTORC1 and activates it, therefore, stimulating its activity (Long et al., 

2005). Conversely, acting as a Rheb-specific GAP, TSC1/2 negatively regulates 

mTORC1 signaling by converting Rheb into its inactive GDP-bound state (Inoki et al., 

2006). The regulation mechanism of TSC2 GAP activity involves phosphorylation of 

the protein by multiple upstream protein kinases; TSC2 is thought to be directly 

phosphorylated by AKT which represses the inhibitory action of the TSC1/TSC2 

complex on signaling through mTOR to 4E-BP1 and S6K1. Similarly, 

phosphorylation of TSC2 by the MAP kinase regulated protein, MK2, inhibits TSC2 

and promotes activation of mTOR (Potter et al., 2002). The precise mechanism by 

which Rheb activates mTORC1 has not yet been elucidated (Laplante and Sabatini, 

2012). 
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As mentioned previously, the mTOR pathway is implicated in many biological 

processes: 

Growth factors and hormones such as the IGF-1 and Insulin pathways signal to 

mTORC1 via Akt, extracellular-signal-regulated kinase 1/2 (ERK1/2), and S6 kinase 

1, leading to the inactivation of TSC2 thus preventing inhibition of mTORC1 (Potter 

et al., 2002).  As the energy status of the cell changes, for example when energy is 

depleted, AMPK (AMP-activated protein kinase) is activated and phosphorylates 

TSC2; phosphorylation intensifies the GAP activity of TSC2 towards Rheb and 

reduces mTORC1 activation (Inoki et al., 2003). Additionally, AMPK can also reduce 

mTORC1 expression by phosphorylating Raptor, thus obtaining the same outcome as 

above (Gwinn et al., 2008).  

Oxygen levels also affect mTORC1 activity. Hypoxia and the associated 

reduction in ATP levels promote AMPK activation, which in turn, activates TSC1/2 

complex, thus inhibiting mTORC1 signaling. Additionally, during hypoxia, 

promyelocytic leukemia (PML) tumor suppressor and BCL2/adenovirus E1B 19 kDa 

protein-interacting protein 3 (BNIP3) negatively impacts mTORC1 signaling by 

disrupting the interaction between mTOR and Rheb (Bernardi et al., 2006). 

Amino acids represent an important signaling regulator of the m TORC1 

pathway. The activation of the mTORC1 pathway via amino acids does not depend on 

the TSC1/2 complex (Nobukuni et al., 2005). Recent work has identified a family of 

four small GTPases, the Rag proteins, which interact with mTORC1. When amino 

acids are present, the Rag proteins bind to Raptor and promote the translocation of the 
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mTORC1 complex from discrete locations throughout the cytoplasm to a perinuclear 

region rich in Rheb where mTORC1 can easily associate with it (Sancak et al., 2008). 

Moreover, the physical dissociation of mTORC1 and Rheb with amino acid 

deprivation might explain why activators of Rheb, such as growth factors and 

hormones, cannot stimulate mTORC1 signaling in the absence of amino acids (Sancak 

et al., 2008). The mechanism by which Rag proteins promote mTORC1 translocation 

has only been recently partially elucidated; there are four Rag subunits, Rag A/B and 

rag C/D that are alternatively GTP or GDP bound. When amino acids are present, Rag 

A/B becomes GTP bound, and Rag C/D binds GDP; this activates the complex, which 

is now able to bind mTORC1 (via Raptor) (Sancak et al., 2008). 

Rheb enhances phosphorylation of S6K1, rpS6, and 4E-BP1 in an mTOR-

dependent fashion when overexpressed. Moreover, in cells overexpressing Rheb, 

S6K1 phosphorylation is maintained during amino acids starvation, signifying that 

Rheb is involved in transducing signals from amino acids directly through mTOR (Lee 

et al., 2007). A possible explanation that could account for the ability of overexpressed 

Rheb to activate mTORC1 can be found in the role of Rag proteins along the mTOR 

pathway; ectopic localization of Rheb upon overexpression will enable it to bind 

mTORC1 outside the perinuclear region, thus overcoming the need for amino acids to 

activate Rag proteins to promote mTORC1 translocation (Sancak et al., 2008). 

Downregulated expression of TSC1 or TSC2 causes cells to become resistant to amino 

acid deprivation, therefore, S6K phosphorylation is maintained during amino acid 

starvation in cells with reduced expression of either TSC1 or TSC2 suggesting that 
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TSC1 and TSC2 are required for amino acid induced signaling through mTOR (Tapon 

et al., 2001).  

Several other proteins such as PI3-Kinase, Akt, and PTEN (Phosphatase and 

tensin homolog, a tumor suppressor) play important roles in the mTOR pathway.  PI3-

Kinase phosphorylates cell membrane proteins which, once phosphorylated, promote 

Akt triggering activation of downstream pathways that increase cell proliferation and 

survival. Conversely, PTEN dephosphorylates PI3K thus preventing Akt activation 

(Lee et al., 2007). Inflammatory mediators also signal to mTORC1 via the TSC1/2 

complex. Pro-inflammatory cytokines such as TNFα activate IκB kinase-β (IKKβ), 

which physically interacts with and inactivates TSC1, leading to mTORC1 activation. 

This direct relationship between inflammation and mTORC1 activation is thought to 

be important in tumor angiogenesis (Lee et al., 2007). 

mTOR dysfunctions have been shown to play a key role in cell growth-related 

diseases such as cancer (Sarbassov et al., 2005).  Additionally, overactivation of 

mTOR is associated with poor prognosis in several types of cancer including breast 

cancer. Drugs targeting PI3K and mTOR pathway are currently being developed and 

under evaluation for cancer treatment, rapamycin and its derivatives being examples 

of these (Vignot et al., 2005). 

 

Rheb (Ras Homologous Enriched in The Brain) and it’s over expression in tumor 

cells 
 

The Rheb protein, the focus of this work, is an important element of the mTOR 

pathway and it belongs to a family of small GTP-binding proteins that have been 
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identified as part of the Ras superfamily. Rheb can adopt two different conformations, 

depending on environmental conditions and signaling; it can bind GDP or GTP; the 

switch to GTP bound form is thought to be aided by a Rheb GEF (Guanine Exchange 

Factor) (Aspuria and Tamanoi, 2004). 

Rheb is believed to be located between the TSC1/2 complex and mTOR, along 

the mTOR pathway, downstream of Akt (Li et al., 2004). Reportedly, Rheb is thought 

to bind directly to the amino terminal portion of the mTOR catalytic domain; it 

activates mTOR in a GTD/GDP dependent fashion. There is reasonable evidence to 

suggest that Rheb associates with the mLST8 and with the raptor subunits (Long et al., 

2005). Previous work also suggests that Rheb may bind to and activate mTOR-

interacting proteins such as raptor or mLST8 rather than interacting with and 

activating mTOR directly (Inoki et al., 2005). Whether Rheb interacts directly with 

mTOR or with Raptor is controversial. More recent observations using localization 

and interaction on live cell-by-cell basis show that raptor is localized primarily in the 

cytoplasm while the main localization of Rheb and mTOR appear to be the perinuclear 

regions in the Golgi and ER. This would suggest a direct Rheb mTOR interaction 

(Yadav et al., 2013).  

It has been proposed that mTOR might shuttle between the nuclear region and 

cytoplasm (Kim and Chen, 2000). Considering that mTORC1 is involved in ribosome 

biogenesis, which takes place in the nucleus, and that Rheb is located in the nucleus, it 

is a logical consequence to infer that their interaction takes place also in that 

compartment (Kim and Chen, 2000).  
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Rheb-GTP activates the target of rapamycin complex 1 (TORC1). TORC1 

phosphorylates multiple downstream targets including p70 S6 kinase (S6K) and the 

eukaryotic initiation factor 4E (eIF4E)-binding proteins 1 and 2 (4E-BP1 and 4E-

BP2). Rheb is inactivated by GTPase activity of the tuberous sclerosis complex 1 and 

2 which catalyzes the conversion of Rheb-GTP to Rheb-GDP, resulting in 

downregulation of TORC1 (Ge et al., 2011).  

Recently, two animal studies demonstrated that Rheb gain-of-function is 

involved in tumor formation. Rheb overexpression induced Eμ-Myc-mediated 

lymphomagenesis in a mouse bone marrow transplantation model, and produced low-

grade prostatic intra-epithelial hyperplasia (Guertin and Sabatini, 2007). Multiple 

mechanisms may explain why Rheb is overexpressed in human cancers, among others, 

adaptive growth in a sub-optimal tumor microenvironment, enhanced tumor 

nutrient/oxygen perfusion through angiogenesis, stimulation of tumor cell growth 

through paracrine regulation, and increased sensitivity to carcinogens (Lu et al., 2010). 

It is important to point out that much is not yet known about the interplay 

between Rheb and the mTOR pathway and where exactly Rheb is located along the 

mTOR signaling pathway (Sato et al., 2008). Also, the mechanism of action by which 

Rheb stimulates mTORC1, as well as the elements that control Rheb expression have 

not yet been entirely elucidated (Wang and Proud, 2011). 

To present, the signaling pathways and transcription factors that regulate Rheb 

expression under normal and tumorigenic conditions are unknown. The focus of this 

work is to characterize the promoter elements that control expression of human Rheb 
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GTPase in tumor cells. Understanding the signaling pathways and transcription factors 

that regulate Rheb expression will provide important information that could be 

exploited in novel anti-cancer therapies. 
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RESULTS 
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Bioinformatics and Rheb Promoter cloning 

 

To clone the human Rheb promoter, we began by using the Basic Local 

Alignment Search Tool (BLAST) at the National Center for Biotechnology 

Information (NCBI).  The reference mRNA for the human Rheb transcript 

(NM_005614) was used to search the human genomic data base and the genomic 

region was located.  The genomic sequence ended 1863 bp (base pairs) upstream of 

the Rheb mRNA transcript, at which point the genomic sequence had a gap of 

unknown size.  The mRNA sequence was 2092bp long with a CDS (Coding 

Sequence) starting at position +414 and ending at position +968. Position +414 

corresponded to an ATG sequence, confirming that it was the translational start site. 

The reference mRNA was used to locate the Rheb promoter region on the genomic 

DNA by aligning the mRNA sequence with the Rheb genomic sequence of 

chromosome 7 (70,000bp). The alignment was performed using the BLAST feature at 

the NCBI website (Fig. 2A).  To further confirm the position of the translational start 

site and perform further bioinformatics analysis, we downloaded reference Rheb 

mRNA sequences of three different species from the NCBI (Gene) database; Mouse 

(ATG site at +126), Chimpanzee (ATG site at +416), and Rat (ATG site at +126).  

Using a similar approach as described for the human Rheb promoter, we also 

obtained genomic sequences of the promoter regions of mouse, rat and chimpanzee 

and aligned 1000bp sequences upstream of the translational start sites of the four Rheb 

genomic sequences using the CustalW feature of DSgene (Accelrys).  The ATG site 

from all four species aligned perfectly and a consensus sequence was generated (Fig. 
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2B). Analyzing the consensus sequence and comparing it to the human sequence, we 

found two interesting regions with a high degree of similarity to an initiator element 

(Inr), (a core promoter that is similar in function to the TATA box). The ideal Inr has 

the consensus sequence YYANWYY, where Y (pYrimidine) stands for C/T, Cytosine 

or Thymine, W (Weak) stands for A/T adenine or thymine, and N is for any base (Xi 

et al., 2007). 

The first possible Inr was located at position 215 bp upstream of the human 

ATG site and had sequence 5’-TCACGTG-3’. The two G bases do not correspond to 

the Inr consensus sequence; in addition to that, the location of the sequence was 

relatively far from the translational start site; This would not make it a strong 

functional Inr element, considering that usually the 5’-UTR (Untranslated region) in 

eukaryotes is usually around 100-150bp long, (although in some cases it can be 

several thousand base pairs long), and that the five prime untranslated region (5' 

UTR), can contain elements for controlling gene expression by way of regulatory 

elements (Cenik et al., 2010).  

The second possible Inr looked more promising. It was located at a position 

101 bp upstream of the human ATG site, with the sequence 5’-GTATGCC-3’. This 

sequence was closer to the translational start site, a more suitable location for a 

functional Inr, although the two G nucleotides were not consistent with an ideal Inr 

consensus sequence (Fig. 2B).  

To begin analysis of the transcriptional elements in the Rheb promoter we used 

PCR to clone a 1360bp sequence upstream of the translational start site (Fig. 2A).  The 

PCR product was inserted into a pGL3 Luciferase Reporter Vector (Promega) and 
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sequenced. Analysis of the Promoter sequence and comparison to the original genomic 

sequence confirmed that the construct was successfully cloned. Transfection of the 

pGL3/1360bp Rheb insert and pGL3 empty vector into MDA-MB-231 (Human Breast 

Cancer Cells) cells and subsequent Luciferase/βGalactosidase (βGalactosidase is used 

as internal control of transfection efficiency) activity assay confirmed that the Rheb 

Promoter construct was active in the cell (Fig. 3). 

 

Rheb Promoter Analysis: 5’ Truncations  

In order to identify the location of the core promoter and other important 

transcription elements, we generated a series of 5’ truncations (Fig. 4A).  The 

truncation reporter constructs were transfected into MDA-MB-231 cells, and their 

activity was compared to the original promoter clone, which served as a positive 

control.   

Subsequent Luciferase/βGalactosidase assay of the constructs (Fig. 4B) held 

the following results; The first truncation of -1021/ATG had the same apparent level 

of activity as the control, while the next three truncations had an increased level of 

activity (approximately 1.4 fold) with respect to the control, suggesting that there may 

be a negatively acting cis element between -1021 and -534.  Truncation of -534 to -

434 led to a drop in activity back to the original promoter construct.  Finally, 

truncation from -316 to -113 resulted in a dramatic drop in activity, suggesting that the 

promoter elements located within a range of -316 to -113 upstream of the translational 

start site play a critical role in driving Rheb expression. 
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Rheb Promoter Analysis: 3’ Truncations  

Next we created a series of three 3’ truncations using the same approach as for 

the 5’ truncations (Fig. 5A).  To check the activity of the 3’ truncation constructs, we 

transfected them into MDA-MB-231 cells and 24 hours later Luciferase and β-

Galactosidase assays were performed (Fig 5B).  The activity of the -534 to -66 

construct displayed a significant decrease as compared to the control, which would 

suggest that critical transcriptional elements are located in this region.  However, 

careful analysis of this construct revealed that we inadvertently produced a non-ideal 

Kozac sequence (consensus sequence gccRccAUGG. The Kozak consensus sequence 

plays a major role in the initiation of the translation process) flanking the translational 

start codon, and some of the drop in activity may be due to a lower level of translation 

rather than transcription (Polychronakos, 2012).  Activity of the -534 to -145 construct 

was also reduced compared to control, but a further 3’ truncation to -225 resulted in an 

increase in activity. This is not what one would expect if the core promoter was 

located within the range displayed by the 5’ truncations showing a significant drop (-

316 to -113); the activity should decrease as the truncations remove the core promoter. 

   

5’ RACE PCR 

Since the 3’ truncations were not informative, we next decided to use 5’Rapid 

Amplification of cDNA Ends (RACE) PCR to map the transcriptional start site.  In 

conventionally-expressed eukaryotic genes, transcriptional start sites (TSS)s can be 

precisely mapped by 5′-RACE analysis (Carninci et al., 2005). We used the classic 5’ 

RACE method as previously described by Michael Frohman (Frohman, 1993). After 
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the second round of PCR, the product was analyzed by agarose gel electrophoresis.   

A prominent band was visible at the ~200 base pair mark (Fig, 6A) which we ligated 

into a cloning vector.  Digestion of DNA plasmids (minipreps) revealed a number of 

individual clones (Fig. 6A), two of which were sequenced (#1 and #8).  The sequences 

were aligned with the Rheb Promoter (Fig. 6C).  The point at which each clone 

terminates can be identified by a series of T nucleotides (from the tailing reaction and 

PCR primer QT). The alignment shows that clone #1 terminates at position -94 with 

reference to the translational start site. The first three nucleotides of clone #1 (GGC) 

are slightly different than the corresponding Rheb Promoter sequence (GCG). Clone 

#8 terminates at position -100, but the thymidine nucleotide at -100 may have been 

added by the tailing reaction, in which case the transcript started at adenine -99.  The 

adenine -99 would be the predicted start site if the putative Inr at -101 was functional.  

Taken together these results suggest that the Inr at -101 may serve as a transcriptional 

start site. 

 

Rheb Promoter Analysis: Inr Mutants 

Considering that an Inr element directly overlaps a TSS, more specifically the 

TSS starts at position A of the Inr consensus sequence YYA+1NWYY,  identifying a 

functional Inr will allow for positive identification of the TSS (Transcriptional Start 

Site) (Javahery et al., 1994). Inr like 1 is located at position 101 bp upstream of the 

ATG site, with sequence 5’-GTATGCC-3’ (Fig. 7A). This was not a perfect Inr as the 

two G nucleotides are not consistent with the accepted Inr consensus sequence. We 

decided to construct two different mutants (Fig 7B). In mutant A, we replaced the 
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underlined nucleotides 5’-GTATGCC-3’with a GC sequence respectively, rendering 

the entire sequence more than 50% different than the consensus Inr. This should 

render the Inr inactive and eliminate or greatly reduce transcription. A different mutant 

labeled B with sequence 5’-GTATGCC-3’ and the two G nucleotides mutated to T’s 

was also generated. This mutant has a perfect Inr sequence, and should display 

increased transcription levels as compared to mutant A or the control. The mutants 

were generated via overlapping PCR as previously described (Frohman, 1994) , and 

the products sequenced for accuracy. Sequencing confirmed that the mutants 

contained the desired mutation at the correct location (Fig 7B). Next, the activity of 

the mutants was assayed via Luciferase/βGal assay (Fig. 7C).  Mutant A (non ideal 

Inr) displayed a marked activity decrease with respect to the 1360bp Rheb promoter 

(control), while mutant B (Ideal Inr) showed a slight activity decrease with respect to 

mutant A. This is not what one would expect if the Inr was a functional sequence as 

discussed above. The Luciferase assay result would then suggest that the Inr like 

sequence we identified is not part of the core promoter.  
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Figure 1. The mTOR pathway. Depiction of mTOR signaling pathway. Amino acid 

activation of Rag complex causes it to bind mTORC1 and translocate to perinuclear 

region (Rheb’s location). In the perinuclear region Rheb binds mTORC1 and activates 

it. TSC1/2 acts as Rheb GAP (GTPase activating protein). Environmental variables 

(Grey boxes) and their effects on mTORC1 pathway are also shown. PTEN 

dephosphorylates PIK3 preventing mTORC1 activation via akt inhibition of TSC1/2 

complex. 
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Figure 2. Bioinformatic analysis of Rheb mRNA genomic sequences.  A. 
Reference mRNA for Human Rheb was used to search for Rheb Genomic DNA 

sequence containing the translational start site via Basic Local Alignment Search Tool 

(BLAST).  B. ClustalX alignment of a 1000bp Rheb promoter region upstream of the 

translational start site (red box) for Human, Mouse, Chimpanzee (Trog) and Rat, 

revealing two possible Inr like sequences (blue boxes). 
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Figure 3. pGL3 vs full Rheb Promoter analysis.  A. Luciferase/βGalactosidase Assay 

of the relative activity of pGL3 EV (pGL3 reporter vector with no Rheb Promoter DNA 

insert (Empty Vector)) vs a pGL3/1360 Rheb Promoter (Rheb Promoter region 1360bp 

long relative to the translational start site). Empty vector and full promoter were 

transfected into cell line MD-MBA-231. The data represents the average of 3 

independent experiments, performed in quadruplicates. * Statistically significant from 

pGL3 EV (p<0.05) 

* 
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Figure 4.  5’ truncation analysis.  A. Schematic representation of the 5’ truncated 

promoted constructs generated by PCR. B. Luciferase/βGalactosidase Assays were  
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Figure 4: 5’ truncation analysis, continued.  

 

Carried out for the Rheb Promoter 1360bp construct (-1360-LUC) used as positive 

control, and for seven different 5’ truncations. The activity of the truncations is shown 

relative to the full length 1360bp construct normalized to 1. The data represents the 

average of 3 independent experiments, performed in quadruplicates. * Statistically 

different from -1360-LUC (p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 

  

 

 

 

      A 

Luc

Luc

Luc

-535

-535

-535

-66

-145

-225

Luc-535 ATG

 
                                 

B 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

-535/ATG-LUC -535/-66-LUC -535/-145-LUC -535/-225-LUC

R
e

la
ti

ve
 L

U
C

/β
ga

l A
ct

iv
it

y

Rheb Promoter 3' constructs Luciferase Assays

 
 
 

Figure 5.  3’ truncation analysis.  A. Schematic representation of the 3’ truncated 

promoted constructs generated by PCR. B. Luciferase/βGalactosidase Assays were 

carried out for the Rheb Promoter -535/ATG construct used as control, and three  

 

* * 
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Figure 5: 3’ truncation analysis, continued.  

 

different 3’ truncations. The activity of the truncations is shown relative to the -

535/ATG construct normalized to 1. The data presented is average of 3 independent 

Experiments, performed in quadruplicates. * Statistically different from -535/ATG 

construct (p<0.05). 
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Figure 6.  5’ RACE analysis of the Rheb mRNA.  A. Agarose gel analysis of the 

products from the second round of nested PCR from the 5’ RACE experiment.  B. 

Restriction digests of clones resulting from the ligation of the prominent ~200 base 

pair band seen in A into the pPCR cloning vector.  C. Clones (red circles) 1 (RACE1) 

and 8 (RACE 2) were sequenced and aligned with the Rheb Promoter.  The points at 

which each clone terminated with respect to the ATG translational start codon are 

shown (-94 and -100 for clone 1 and 8, respectively).   

 

 

 

 

A                                B 

 

 

 

 

 

 

 

 

 

 

C 

 
                                            -94 

                                            | 

           Rheb RACE 1       TTTTTTTTTTTTTTGGCTCTCTCCCGGCGCGGCCGCCGCCGATCACAGCAGCAGGAGCCACCGCCGCCGCGG 

                               |  | | | |   ||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

           Rheb Prom.  GCCGCCCCTGCTCTGTATGCCGCTCTCTCCCGGCGCGGCCGCCGCCGATCACAGCAGCAGGAGCCACCGCCGCCGCGG 

                       ||      |  | | ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

           Rheb RACE 2 GCTTTTTTTTTTTTTTATGCCGCTCTCTCCCGGCGCGGCCGCCGCCGATCACAGCAGCAGGAGCCACCGCCGCCGCGG 

                                      | 

                                    -100 
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A 

G T A T G C C A T G 

-101
 

B 

TGGGCGTGTTGTGGGGGGGAGGGGCGCCGCCGCGCGGTCGGTTCCGGGCGGTTGGGAGCGCGCGAGCTAGCG

AGCGAGAGGCAGCCGCGCCCGCCGCCGCCCCTGCTCTTTATTCCGCTCTCTCCCGGCGCGGCCGCCGCCGATCACA

GCAGCAGGAGCCACCGCCGCCGCGGTTGATGTGGTTGGGCCGGGGCTGAGGAGGCCGCCACCATGGAAGACGC 

 

TGGGCGTGTTGTGGGGGGGAGGGGCGCCGCCGCGCGGTCGGTTCCGGGCGGTTGGGAGCGCGCGAGCTAGCG

AGCGAGAGGCAGCCGCGCCCGCCGCCGCCCCTGCTCTGGCTGCCGCTCTCTCCCGGCGCGGCCGCCGCCGATCAC

AGCAGCAGGAGCCACCGCCGCCGCGGTTGATGTGGTTGGGCCGGGGCTGAGGAGGCCGCCACCATGGAAGACG 

Ideal

Non Ideal

 

C 

 

 

Figure 7.  Rheb putative Inr mutants analysis.  A. Location and sequence of the 

possible Inr element.  B. Inr like mutants were successfully cloned via overlapping  
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Figure 7: Rheb Inr mutants analysis, continued. 

 

PCR then sequenced; Sequences for Mutants A and B, as well as the consensus Inr 

sequence are shown.  C. Luciferase/βGalactosidase Assays were carried out for the 

full length Rheb Promoter 1360bp (wt) construct (used as control), and mutants A and 

B. The activity of the mutants is shown relative to the original 1360bp construct 

normalized to 1. The data represents average of 3 independent experiments, performed 

in quadruplicates. Mutant A and B constructs are not statistically different from  

pGL3/1360 wt Rheb (p>0.05).
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Transcription Control and Promoter Elements 

The human genome encodes approximately 25,000 genes, therefore it is 

essential to have a system in place that controls when these genes are to be turned on 

and when they need to be turned off. Regulation of transcription controls when 

transcription occurs and how much RNA is synthesized (Remenyi et al., 2004). 

There are many proteins responsible for the regulation control of gene 

expression. RNA polymerase is a key player, together with a series of proteins called 

transcription factors. Transcription factors interact with specific sequences of DNA 

and either activate or inhibit the transcription of specific genes (Wolberger, 1998). A 

number of basal transcription factors (Transcription Factor IIA (TFIIA), TFIIB, 

TFIID, TFIIE, TFIIF, and TFIIH) are needed to recruit RNA polymerase II.  

The DNA region specific for each gene where RNA polymerase and 

transcription factors bind is called a promoter. Promoters are located in the vicinity of 

the genes they transcribe and generally upstream of the TSS (Transcriptional Start 

Site), they are usually about 100-1000 base pairs long. A Core Promoter element is the 

sequence required to initiate transcription and includes the TSS, a binding site for 

RNA polymerase, and general TF binding sites. A proximal promoter is located about 

250 base pairs upstream of the TSS which includes primary regulatory elements and 

specific TF binding sites. A distal Promoter contains binding sites for additional 

regulatory elements (Gagniuc and Ionescu-Tirgoviste, 2012). 

Transcription is initiated at the promoter site. After the initial event takes 

place, DNA sequences located many base pairs from the TSS, called enhancers, 
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promote the assembly of the transcription machinery (Choudhuri, 2004). 

The core promoter is then a key element in transcriptional regulation. A 

number of core promoter elements have been identified that are part of the core 

promoter.  They are conserved sequence in the core promoter that are recognized by 

the basal transcription factors (Smale and Kadonaga, 2003). 

The first core promoter element to be characterized was an A/T rich region 

located 30 nucleotides upstream of the transcription start site (TSS) called the TATA 

box. Nearly 24% of human genes contain a TATA box within the core promoter. It has 

the DNA sequence 5'-TATAAA-3'. The TATA box directs transcription by recruiting 

TFIID through the binding of a TFIID subunit. It is normally bound by the TATA 

binding protein (TBP) in the process of transcription, which unwinds the DNA (Smale 

and Kadonaga, 2003). 

The second core promoter element to be discovered was the initiator element 

(Inr). The consensus sequence for mammalian Initiators element is YYA+1NWYY. 

The Inr element has similar functions to the TATA box in that it binds basal 

transcription factors (Xi et al., 2007).  It has been shown that transcriptional activity 

from this core promoter element correlates best with TFII-D binding, although other 

elements such as TFII-I are also known to bind it (Xi et al., 2007). 

The DPE (Downstream Promoter Element) was discovered by J. first described 

by T. W. Burke and James T. Kadonaga at the University of California San Diego in 

1996. ). It is located between 28 and 34 nucleotides downstream of the TSS Recent 

studies have shown that it has a consensus sequence RGWYV(T). The DPE also binds 
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TFIID preferentially (Burke and Kadonaga, 1997). 

The B Recognition Element (BRE) is the only core promoter element that does 

not recognize TFIID. It has affinity instead for TFIIB. It is found upstream of the 

TATA box and consists of seven nucleotides; the first two nucleotides are either G or 

C while the third is either guanine or adenine. The next four nucleotides are always the 

same: CGCC (Lagrange et al., 1998). 

 

Rheb Promoter truncations      

In this work, we have attempted to map the Rheb core promoter and TSS. We 

initially cloned a 1360bp region upstream of the ATG start site predicted by the 

sequence obtained from the gene databank at NCBI. We have shown that the cloned 

promoter region was active in tumor cells by comparing the activity of the pGL3/1360 

Rheb Promoter against a pGL3 empty vector via luciferase assays. The activity of the 

Rheb promoter was significantly higher than the empty vector suggesting that the 

Rheb promoter insert was being actively transcribed and translated in the cell. 

Analysis of the 5’ Rheb truncations identified a region between -316 to -113bp 

upstream of the ATG translational start site where a significant decrease in promoter 

activity was observed. Considering that the activity reduction was approximately 10 

fold, with a drop to a value of nearly 0 in respect to the full 1360bp Rheb promoter 

region, we reasoned that the core promoter may be located within that region. A 

subsequent experiment examining 3’ truncations of the Rheb promoter (-534/-224; -

534/-145; and -534/-66 relative to the predicted translational start site) yielded 
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unexpected results. The -534/-66 and -534/-145 truncations displayed a slight activity 

decrease with respect to the control (1360bp region), while the -534/-224 region 

showed a marked activity increase. None of the constructs showed a significant 

activity drop consistent with the presence of a core promoter within that region. The 

apparent activity decrease within the -534/-66 deletion could be explained by the fact 

that we inadvertently produced a non-ideal Kozac sequence flanking the 

transcriptional start codon; therefore, some of the drop in activity may be due to a 

lower level of translation rather than transcription. Overall the 3’ deletion data gave us 

data which was inconsistent with our 5’ deletions. 

 

5’ RACE Determination of Rheb Promoter TSS 

The 5’ Race experiment yielded a promising result suggesting a putative 

transcriptional start site in the context of an Initiator element (Inr) 101 nucleotides 

upstream of the translational start site.  Unfortunately, mutational analysis of the Inr 

did not support the hypothesis that this Inr served as the main transcriptional start site. 

If the Inr was in fact the main start site, the activity of mutant A should have been 

considerably lower than the control, and the activity of mutant B should have been at 

least equal to or higher than the activity of the control. These results could be 

explained by simply assuming that we were not correct in our assumption that the 

sequence we identified was a core promoter element, and that the similarity with the 

consensus Inr sequence was a result of chance. Looking at the results of the 5’ RACE, 

we noticed that the last nucleotide of clone #1 is a G, while the corresponding Rheb 



34 

  

 

Promoter sequence has a C in the same position; this is an indication that the RNA 

polymerase might have fallen off prematurely before completing transcription of the 

entire 5’ end; therefore the 5’ RACE may not have worked due to incomplete reverse 

transcription of the mRNA, which could have been caused by stable secondary mRNA 

structure in the 5’ end of the mRNA. Higher temperature during the reverse 

transcription step would help in prevention of premature stopping of the polymerase 

by denaturing mRNA secondary structures.  Another possible cause of the problem 

could be that the reverse transcriptase stalls at regions of high GC content.  Higher 

temperatures would also help traversing these GC rich regions. Classic 5' RACE major 

limitation is that there is no selection for amplification of fragments corresponding to 

the actual 5' ends of mRNA. To confirm experimentally that the full length 5’ end has 

been transcribed, 5’ Cap-dependent RACE is a more robust method as it requires that 

the 5’ amplification primer is attached to a phosphate that originates from the 5’ CAP, 

therefore, with this method, only full length mRNAs will be amplified (Maruyama and 

Sugano, 1994). Cap-Switching RACE described by Michael Frohman would also be a 

stronger method of obtaining full length 5’ ends; MMLV (Moloney murine leukemia 

virus ) reverse transcriptase adds four C nucleotides to the 3’ end of the cDNA only 

when it has reached the 5’-cap, and a primer with four G nucleotides is then used for 

selective amplification (Frohman, 2006). 

 

Alternative methods of mapping TSS 

In addition to the techniques discussed above, a variety of different 
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experimental methods can also be used to map the 5’ end of mRNA or to locate the 

TSS.  In primer extension, a radio labeled primer is annealed to the mRNA and reverse 

transcriptase is used to synthesize cDNA from the RNA until it reaches the 5' end of 

the RNA. The cDNA is then run on a denaturing urea/polyacrylamide gel.  A 

sequencing reaction using the same primer is run in parallel and the TSS can be 

identified by comparing the primer extension and sequencing reactions. However, 

primer extension does not work for genes with high GC content in their 5' region 

(Wilkinson et al., 2006). 

The RNase protection assay is a very sensitive method for mapping TSS. A 

radio labeled RNA probe overlapping and complementary to the gene of interest’s 5' 

end is hybridized to the mRNA. Subsequently RNase H, which only digests ssRNA, is 

added. The resulting RNA: RNA hybrid is sized via denaturing PAGE (Carey et al., 

2013) . In addition to the in vivo methods described above, a number of databases can 

be used to predict the location of a TSS in a genomic sequence (in silico). EST 

(express tag sequence database) and DBTSS are among them. These programs have 

very high false positive results. There are no software's or programs available which 

can predict a TSS with a high degree of accuracy, therefore, experimental methods are 

always to be preferred. 

 

Future Work 

A logical continuation of this work would be the identification of trans acting 

elements binding the Rheb core promoter as well as further characterization of the cis 
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elements within the promoter. Given our results, it would be logical to investigate 

whether the Rheb core promoter is of the focused or dispersed type. Focused 

promoters contain either a single transcription start site or a series of TSS clumped 

within a short distance; the TSS of dispersed promoters contain several start sites over 

50 to 100 nucleotides and are typically found in CpG islands in vertebrates (Juven-

Gershon et al., 2008). Additionally, once the promoter regions that regulate Rheb 

expression are determined, screening for transcription factors that bind these regions 

using electrophoretic mobility shift assays (EMSA) and chromatin 

immunoprecipitation (CHIP) assays could be carried out.  

Finally, other pathways accounting for Rheb overexpression could be 

investigated. Among them, post translational modifications such as ubiquitination 

(Hoeller et al., 2006), and Rheb mRNA stability mediated by miRNA. MicroRNAs 

(miRNAs) are small noncoding RNAs that function as post transcriptional regulators 

of protein levels by degrading mRNA via mechanisms that have not been entirely 

elucidated (Fabian et al., 2010).  

 The signaling pathways that regulate the transcription factors should be 

explored. Understanding the signaling pathways and transcription factors that regulate 

Rheb expression will provide important information that could be exploited in novel 

anti-cancer therapies.
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Rheb promoter cloning and subconstructs in pGL3 

 

Genomic DNA was isolated from MDA-MB-231 cells using the method of 

Blin and Stafford (Blin and Stafford, 1976).  A region of the Rheb promoter consisting 

of 1360 nucleotides 5’ to the ATG translational start site was cloned using KOD 

polymerase (Novagen) and the following primers:   

sense 5’-GCTCTCGAGGGCCATGCCCGGCCTCTG ‘3’ and  

anti-sense 5’-GCTCCATGGTGGCGGCCTCCTCAGCCC -3’.   

The PCR product was digested with XhoI/NcoI and ligated into an XhoI/NcoI 

digested pGL3 luciferase reporter vector (Promega).  

The 5’ truncated promoted constructs were generated by PCR using the 

1360/ATG construct as a template.  The anti-sense primer was the same as used for 

the original construct and the sense primers were as follows:  

5’-GCTCTCGAGGCGCTGTTCCAGGAGGTG-3’ (-1021) 

5’-GCTCTCGAGAGACACGAACGCTAACGC-3’ (-847) 

5’-GCTCTCGAGCGCACCTCCCACCTATTG-3’ (-702) 

5’-GATCTCGAGCAATCGGCGCTCGGGGAG-3’ (-434) 

5’-GATCTCGAGGCCTTTAAAGTAAAACGTC-3’ (-316) 

5’-GATCTCGAGCGCCCCTGCTCTGTATGC-3’ (-113) 

A -534 construct was produced by digesting the 1360/ATG vector with SmaI 

and religating the vector with the SmaI fragment removed.   

Three 3’ promoter subconstructs were generated by PCR using the 1360/ATG 

construct as a template.  The sense primer used bound upstream of the multiple 

cloning site in pGL3: 5’-CTAGCAAAATAGGCTGTCCC-3’.  The antisense primers 
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were: 

5’-GCTCCATGGCGTCAGCACCGCCCCTCTTC-3’ (-225) 

5’-GCTCCATGGCCTCGCGCGCTCCCAACCG-3’ (-145) 

5’-GCTCCATGGATCGGCGGCGGCCGCGCC-3’ (-66) 

The PCR products were digested with SmaI/NcoI and ligated into SmaI/NcoI digested 

pGL3.     

The Inr mutated constructs were generated by overlapping PCR.  The 5’ and 3’ 

primers were the -702 and original anti-sense primer, respectively.  The mutation 

specific primers were: 

5
’
-CTGCTCTGGCTGCCGCTCTCTCCCGGCGCG-3’ (INR-A sense)  

3
’
-GAGCGGCAGCCAGAGCAGGGGCGGCGG-5

’
 (INR-A antisense) 

5
’
-CTGCTCTTTATTCCGCTCTCTCCCGGCGCG-3

’
 (INR-B sense) 

3
’
-GAGCGGAATAAAGAGCAGGGGCGGCGG-5

’
 (INR-B antisense) 

PCR products were digested with XhoI/NcoI and ligated into XhoI/NcoI digested 

pGL3.  All promoter constructs that were created using a PCR step were sequenced. 

 

Cell Culture and Transfections 

MDA-MB-231 cells were grown at 37ºC in 5% CO2 in Dulbecco's Modified 

Eagle Medium (DMEM) containing 10% Fetal Bovine Serum.  For Luciferase/-

galactosidase assays cells were split into 24 well cluster dishes and promoter 

constructs were transfected using Lipofectamine 2000 (Invitrogen), as per the 

manufactures instructions.  Specifically, we transfected 500ng of total DNA/well, 

which included 50ng Rheb Promoter Vector, 50ng CMV -gal and 400 ng pCB6 DNA 
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(as filler DNA). 

 

Luciferase/β-Galactosidase Assays   

Luciferase: The transfected cells MB-MDA-231 with: Rheb promoter 

constructs, WT Rheb Promoter, and Inr mutated Rheb constructs, were lysed with 

50µl/well Lysis Buffer [100 mM Tris-acetate (pH 7.8), 10 mM Mg-acetate, 1 mM 

EDTA, 0.5% Triton X-100 and 1 mM DTT] and frozen at -70 C
o
.  The cells were 

subsequently thawed on ice, transferred to microcentrifuge tubes and lysates were 

cleared by centrifugation at 16,000 g for 10 min.  For each sample 100 l luciferase 

reaction mix [100 mM K-tricine (pH 7.8), 10 mM MgSO4, 2 mM EDTA, 1mM DTT 

100 M luciferin (Sigma), and 5 mM ATP] was transferred to a luminometer assay 

tube.  An extra tube with reaction mix was prepared as a blank.   10µL of cell extract 

were transferred into luminometer tubes, and the light emission was measured for 10 

seconds using an Opticomp 1 luminometer.  

For β-Galactosidase measurements: 75µL of reaction buffer [100 mM NaPO4 

(pH 8.0), 1 mM MgCl2 and Galacton (Tropix, Applied Biosystems)] was pipetted into 

an appropriate number of luminometer tubes. 10 µl cell extract was pipetted into 

luminometer tubes, which were then incubated in the dark for 20 minutes.  Each tube 

was then injected with a 100µl Tropix Light Emission Accelerator (Applied 

Biosystems) and the light emission was measured with the luminometer over a 5 

second period.  
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5’-RACE 

5’ RACE PCR was performed as previously described (Frohman, 1994). 

Specifically, total MDA-MB-231 RNA was isolated using Trizol reagent (Molecular 

Research Center, Inc.) followed by PolyA+ RNA isolation using an Oligotex mRNA 

Mini Kit (Qiagen).  A reverse transcription reaction was performed using a Rheb 

mRNA specific antisense primer 5’-GATCGTAGGAGTCCACAAATTG -3’ (Rheb 

RACE 1) and Superscript III Reverse Transcriptase (Invitrogen).  After the cDNA 

reaction, excess primers and dNTPs were removed by diluting the reaction to 500l in 

TE buffer and concentrating using a Y-100 microcon (Millipore).   The 

dilution/concentration step was repeated a second time, and the final recovered 

volume was 44l.  The cDNA was then appended with a poly(A) tail in a 50L 

reaction containing 39 l cDNA, 50 mM potassium, acetate 20 mM Tris acetate, 10 

mM magnesium acetate, 250 M CoCl2, 100 M dATP and 10 units of Terminal 

Transferase (New England Biolabs).  The reaction was incubated at 37ºC for 30 

minutes and terminated by incubation at 70ºC for 10 minutes.  A 1 l aliquot of the 

tailed cDNA was used in a first round PCR reaction containing 25 pmols Rheb RACE 

1 primer (see above), 25 pmols QO Primer (5’-CCAGTGAGCAGAGTGACG -3’), 

and 2 pmols QT primer (5’-CCAGTGAGCAGAGTGACGAGGA 

CTCGAGCTCAAGCTTTTTTTTTTTTTTTTT -3’).  For the first round PCR reaction 

we used KOD Extreme Hot Start DNA Polymerase (Novagen) using the buffers 

provided by the manufacturer.  The cycling conditions were as follows: one round of 

94ºC for 2 minutes, and 25 rounds of 98ºC for 10 seconds, 52ºC for 30 seconds and 

68ºC for 2 minutes.  The first round PCR reaction was diluted 1:20 and used 1 l was 
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used in a second nested PCR reaction using the following primers: 5’-TGAGGATTTC 

CCCACAGACC -3’ (Rheb RACE 2) and 5’-GAGGACTCGAGCTCAAGC -3’ (QI).  

For the second round of PCR we used TAQ Polymerase (Promega).  The following 

cycling conditions were used: The products were then analyzed by electrophoresis on 

a 0.8% agarose gel.  The notable band was gel purified and ligated into XcmI digested 

pPCR (a modified version of pBluescript that produces Thymine overhangs when cut 

with XmcI).  Two clones that contained inserts were sequenced. 

   

Statistics 

The data obtained from the Luciferase/β-Galactosidase Assays was analyzed 

via  Excel (Microsoft Office)  including average, normalization, and standard 

deviation. Statistical analyses were performed using GraphPad Prism. 
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