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Abstract 

The massive spread of repetitive elements in the human genome poses a substantial challenge to the 

organism since they may accidentally contain seemingly functional elements placed outside their 

natural context. Nonetheless, such elements may also offer an opportunity to the species as they 

introduce potential new genetic material that could be used by further evolutionary refinement. A 

striking example is provided by the million copies of Alu repeats in the genome, of which ~0.5% 

reside within 3’UTRs of genes. Some of these elements may serve as raw material for evolutionary 

novelty, yet the cell needs to mask the rest from a potential distorting regulatory effect. In this work 

I took a genome-wide view of general regulatory effects of miR targets within Alus, and combined it 

with more targeted investigation of a specific network of the tumor suppressor p53 pathway, to 

investigate whether miR targets inside Alus insert new regulatory mechanisms. Focusing on Alu 

elements that contain seemingly canonical sites for a diversity of microRNAs I show, using a 

comprehensive dataset of microRNA functional assays, that the microRNA machinery appears to 

often ignore Alu-contained sites. I identified three potential means that may account for such apparent 

“repeat-masking”: (i) functional miR sites and Alu repeats appear to have distinct mutually-exclusive 

territories within 3’ UTRs, (ii) tight secondary structure of Alu-contained sites that limits access to 

the microRNA machinery, and (iii) deamination during RNA editing of Alu-contained microRNA 

sites. The combination of these three means appears to allow cells to ignore most Alu-contained 

potential microRNA sites and perhaps deal only with a selection of sites that may nonetheless become 

functional. 

The p53 pathway is pivotal in tumor suppression. p53 leads cells to growth arrest, senescence and 

apoptosis via modulating the expression of various target genes. Two major regulators of p53 are 

MDM2 and MDM4. Both proteins inhibit p53 by direct binding, while MDM2 is also an E3 ubiquitin 

ligase that sends p53 to degradation by the proteasome. The delicate interplay between the levels of 

MDM2, MDM4 and p53 is very important for cell cycle control and cellular homeostasis. I describe 

two microRNAs that regulate MDM2 and MDM4: miR-339-5p and miR-661. miR-339-5p regulates 

MDM2 at the mRNA and protein levels, while miR-661 regulates MDM2 at the protein and mRNA 

levels and MDM4 at the protein level only. The targets of miR-661 in MDM2 and MDM4 are 

predominantly within Alus, presenting an evolutionary novel regulatory mechanism which is 

primates specific, and an example of the small fraction of miR targets within Alus that are functional. 
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The regulation of MDM2 and MDM4 by those miRs causes an increase in the functionality of p53, 

which leads to upregulation of p53 target gene expression and to cell cycle alterations.  
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Introduction 

microRNAs 

microRNAs (miRs) are small non coding RNAs, ~22 nt long1, which regulate gene expression 

through interaction with their mRNA targets. There are hundreds of miRs in the human genome, for 

which thousands of predicted target sequences exist in virtually all encoded mRNAs. miRs in general, 

and specifically the ones that are conserved among mammals, are known to participate in many 

important cellular and developmental processes, as well as in the development of some diseases2-3.  

The processing of miRs involves different factors in different parts of the cell. The long miR primary 

transcript (pri-miRNA) is cleaved to a pre-miRNA of 60-70 nt by the nuclear RNAse III Drosha1. 

Drosha cleaves near the base of the primary stem-loop, in both strands of the stem1.Then the pre-

miRNA is exported to the cytoplasm by Ran-GTP and the export receptor Exportin-5, where it is 

cleaved by Dicer to produce the mature miR1. Dicer is an RNAse III endonuclease1. Dicer recognizes 

the double stranded part of the pre-miRNA with an affinity to the 5' phosphate and the 3' overhang at 

the base of the stem loop, and it cuts the strands of the duplex two helical turns from the base of the 

stem-loop1. The mature miR is then loaded onto the RISC complex to direct the complex to a specific 

subset of mRNA, thus inhibiting their translation or targeting them for cleavage  and degradation1.  

It is generally accepted that most mRNAs recognized by a particular miR have a target in their 3'UTR 

that is complementary to bases 2-8 (called seed) in the mature miR 5' end4. Although each miR has 

potentially hundreds of target sites in at least dozens of mRNAs, it is clear that only a minority of 

those sites are functional, while the majority are non functional5. In addition, the functionality of the 

target may be influenced by the identity of the cell and the physiological conditions6. There exist 

numerous target prediction algorithms, which use different parameters such as conservation, 

structure, length of the target etc7. Still, it is not clear how the cell and specifically the miR machinery 

distinguish between the plethoras of potential targets and identify the genuine ones. 

  



  

7 

 

Alu sequences 

Alu repeats (“Alus”) are transposable elements with more than one million copies in the human 

genome 8. The structure of the Alus is a dimer formed by the fusion of two monomers derived from 

the 7SL RNA gene9. Most Alus were inserted ~40 million years ago in the primate lineage10. There 

is an Alu insertion every 20 births11. Alu sequences are retrotransposons; they use the 

retrotransposition molecular machinery of the LINE TE- L1s to integrate into the host genome12.  

Seventy five percent of human genes contain an Alu sequence, most of them in introns13, and 5% of 

the 3'UTR, on average, is comprised of Alus14. The Alu density in genes is higher than in intergenic 

regions except for chromosomes 19 and 2213. Transcripts of Alu are present at low level under normal 

conditions, but their levels increase when cells are exposed to a variety of stresses15.  

Recent studies show that Alus are not "junk DNA" as thought before. Over the years examples have 

accumulated that demonstrate how genomes converted Alus into a diversity of functional elements. 

Vansant et al. found that the consensus sequences of Alu classes III and IV, which are sometimes 

present within gene promoters, contain a transcription regulatory site (Retinoic Acid Response 

Element, RARE)16. During primate evolution, many Alus that were likely to have been inserted near 

genes where a RARE site was deleterious, were selected against16. Yet, some Alus were inserted 

upstream to genes for which Retinoic Acid inducibility was an advantage, and those stayed and are 

recognizable today, such as in the K18 gene16.  Polac et al. found promoter regions that are enriched 

with Alus that contain multiple binding sites for transcription factors, many of which are associated 

with early markers of development17. They suggested that evolution used the Alus in order to insert 

regulatory elements (TF binding sites) into promoters17. Sorek et al. showed that mutations in the 

Alus can create new weak splice sites, so that the Alu is inserted into the protein in a process termed 

"Alu exonization"18. Examples include a transcript variant of the biliary glycoprotein that contains an 

Alu fragment, and the human decay-acceleration factor where 10% of its mRNA molecules contain 

an Alu19. 

Several functions were found for Alus in the 3'UTR. An et al. found that Alus in the 3'UTR create 

AU rich elements – AREs; nearly 40% of the AREs are associated with Alus14. AREs destabilize the 

mRNA through the nuclear exosome pathway20,21. Gong et al. showed that imperfect binding of an 

Alu element in the 3' UTR of a SMD target (a target for Staufen 1 (STAU1)-mediated messenger 

RNA decay, which mediates decay) and another Alu element in a cytoplasmic, polyadenylated long 

non-coding RNA (lncRNA) can form a binding site for STAU1, and therefore affect the mRNA 
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stability22. Chen et al. found that Alus contain specific hexamers that are polyadenylation sites (PAS) 

directly or with one base mutation23. There are about 107 Alus that gave rise to such active PAS23. 

 

The connection between miRs and Alus starts in the birth of some miRs. Several reports describe the 

possible birth of novel miRs from genomic DNA repeats, and this has been estimated to account for 

10-20% of the miRs24,25.  

In the C19MC Alus-miRs cluster, there are many miRs surrounded by Alu sequences, embedded in 

cassettes that are repeated26.  Alu sequences contain an internal promoter for RNA polymerase III27, 

and Borchert et al. showed that Pol III transcribes the Alus in the cluster, and as there is no termination 

sign it also transcribes the miRs. Three years later, Bortolin-Cavaillé et al challenged this claim and 

showed that Pol II is responsible for transcribing the miRs in this cluster. Lehnert et al. proposed a 

model in which the homology sites of Alus mediated the duplication of the cassettes that comprise 

the miRs in this cluster. Smalheiser and Torvik described several mammalian miRs that are derived 

from genomic repeats, and as such have target sequences within these repeats28. Specifically, they 

identified many mRNAs that contain Alus in their 3'UTR, within which there are targets for dozens 

of miRs29. Lehnert et al. found that there is a small number of miRs with more than 1000 targets per 

megabase in Alu sequences. 10 of the 17 miRs that are enriched with targets within Alus are from the 

C19MC cluster30.  Their hypothesis was that the miRs with the enrichment of targets in Alus protect 

against Alu transposition30.  This hypothesis was based on the observation that miRs of the C19MC 

cluster are expressed significantly in the testis30.  Furthermore, Shalgi et al suggested that miRs have 

a role in maintaining genomic stability by the repression of transposable elements31. 

As Alus are very abundant in the human genome, the potential effect of miR targets within them may 

be substantial and affect crucial cellular processes.  

 

p53, MDM2 and MDM4 

p53 is a transcription factor which responds to diverse stresses such as DNA damage, overexpressed 

oncogenes and various metabolic limitations32-33. p53 regulates the expression of a diverse group of 

genes that initiate cell cycle arrest, senescence, apoptosis, metabolism alteration and DNA repair33. 

By regulating these genes, p53 prevents the proliferation of genetically compromised cells34. The p53 

pathway is very important for tumor suppression in humans. Notably, p53 is mutated in ~50% of 

human cancers, and functionally inactivated in many more35.  
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Senescence can be triggered by oncogene activity or DNA damage. Many oncogenes such as RAS, 

E2F, RUNX1 and more trigger p53-induced senescence36. Some of them involve the DNA damage 

response (DDR), while others induce p53-dependent senescence without DNA damage36. DNA 

damage such as radiation, chemotherapeutic drugs or telomerase dysfunction drive senescence 

primarily via the p53-p21 pathway36. p21 is important for DNA damage induced senescence as well 

as for transient growth arrest36. Biochemically, p21 is a cyclin dependent kinase inhibitor, whose 

induction causes a G1 arrest. This G1 arrest is critical for genomic integrity, since it prevents the cell 

from replicating damaged DNA37. Specifically, p21 inhibits cdk2 and cdk4, which are required for 

the progression of the cell cycle from G1 to S phase38.  

p53 controls cell cycle progression also by regulating the G2/M checkpoint, which is very important 

for preventing segregation of damaged chromosomes38. This checkpoint can be inhibited by 

controlling Cdc2-cyclinB activity38. p21 also binds to the Cdc2-cyclinB complex and prevents its 

activity. Furthermore, p53 can also regulate additional target genes that control this checkpoint, such 

as 14-3-3 sigma , GADD45, BTG2, REPRIMO, B99 (GTSE-1), and more38. 

The mechanisms that are responsible for the activation of p53 in senescent cells are not completely 

understood. However, some candidates are emerging. One such mechanism is an increase in the 

expression of the tumor suppressor ARF, which binds to MDM2 and inhibits its activity, thereby 

preventing p53 degradation39. Another activator is the tumor suppressor PML (promyelocytic 

leukemia); expression of PML is also regulated by p53, creating a positive feedback loop between 

them40. PML stabilizes p53 through increasing its acetylation41-42. 

DNA damage repair is a very important process, since failure to repair damaged DNA results in cell 

death or oncogenic transformation. p53 regulates the DNA repair  process through p53 target genes 

that participate in this process, as well as by modulating the process directly38. 

Apoptosis has a key role in tumor suppression. p53 triggers apoptosis in response to severe stress, 

and this involves transcriptional activation of proapoptotic genes36. Such p53 targets genes encode 

proteins that participate in both the intrinsic and the extrinsic apoptotic pathways36. Among the 

intrinsic pathway genes are Bax, Bid, Puma and Noxa. Among the extrinsic pathway genes are the 

Fas (CD95) and DR5 death receptors, the death ligand TNFSF10, the Fas ligand TNFSF6 and caspase 

836. p53 can also promote apoptosis by direct apoptogenic effects on the mitochondria 38.  

MDM2 and MDM4 are structurally related proteins43. They both contain an amino-terminal domain 

that binds to p53, as well as a central acidic domain and a carboxy-terminal RING finger through 
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which they form heterodimers44. In general, MDM2 loss is almost invariably lethal, while the loss of 

MDM4 in some cases is tolerated35. MDM2 and MDM4 are overexpressed in different tumors45. 

These differences reflect the different roles of MDM2 and MDM4 in tumorigenesis and stress 

response43. 

MDM2 is part of a family of ring finger containing proteins34. It is an E3 ubiquitin ligase, whose 

catalytic activity requires its ring finger for both autoubiquitylation and p53 ubiquitylation46. MDM2 

binds to p53 and inhibits p53-mediated transactivation47 both by physically masking the 

transactivation domain of p53 and by promoting ubiquitylation and proteasome-dependent 

degradation of p5348. The masking of the transactivation domain is achieved through the binding of 

MDM2 to an N-terminal region of p53, which blocks p53 from associating with the transcriptional 

machinery 49. The MDM2 gene contains two p53 binding sites, which allow p53 itself to control the 

levels of MDM2 mRNA50. 

The MDM2-MDM4 hetero-oligomer is a more efficient E3 ligase of p53 than MDM2 alone, meaning 

that MDM4 acts as an enhancer of the E3 activity of MDM2 towards p5351. MDM4 can either 

stimulate or inhibit MDM2 E3 ligase activity, depending on the circumstances52. MDM4, unlike 

MDM2, does not contain a p53 binding element in its gene, and therefore MDM4 mRNA levels are 

not regulated by p5353. 

MDM4 can bind to the p53 transactivation domain, limiting the access of essential transcriptional 

coactivators and of the transcription machinery54. For example, this binding prevents the interaction 

of p53 with the histone acetyl transferase p300 and reduces the acetylation of p53, which is involved 

in its activation 55.  Unlike MDM2, it does not possess E3 ubiquitin ligase function56.  

Upon DNA damage, the MDM2 ubiquitin ligase activity is directed preferentially towards MDM4, 

leading to degradation of the endogenous MDM4 protein and promoting p53 activation57. Another 

mode of p53 activation takes place upon nucleolar disruption. Under such circumstances, ribosomal 

proteins are released. Some of those proteins interact with MDM2 (but not with MDM4), and inhibit 

its ubiquitylation activity towards p5357. Upon such stress MDM4 is also degraded by MDM2, albeit 

in a different manner than upon DNA damage57. 

Transcription of the MDM4 gene is stimulated by mitogenic signaling, particularly through the 

MEK/ERK pathway. Likewise, expression of oncogenic K-RAS also causes activation of the MDM4 

promoter57. 
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miR-661 

miR-661 is a human miR (without an ortholog in mouse). There are three established targets of 

miR661 in human: MTA1, StarD10 and Nectin1. 

MTA1 is upregulated in different tumors, such as gastrointestinal cancers, including esophageal, 

gastric and colorectal cancers58. Overexpression of MTA1 is associated with tumor angiogenesis and 

higher tumor grade, and it was suggested as a predictor of aggressive phenotype59. Reddy et al 

showed, by western blot and luciferase assay, that the levels of MTA1 protein were downregulated 

when miR-661 was overexpressed60. They further showed that the transcription factor c/EBPalpha 

binds to miR-661 to positively regulate its levels, which further downregulates the levels of MTA160. 

The levels of MTA1 increase in a breast cancer progressive isogenic model as the tumors progress, 

while miR-661 levels decrease60. MTA1 levels were shown to correlate with those of the 

transactivator protein HBx61, which is a regulator of cellular responses to hepatitis B virus. HBx is an 

activator of NF-κB signaling62. It also enhances the expression of inducible nitric-oxide synthase 

(iNOS)63,64. Bui-Nguyen et al showed that miR-661 is downregulated by HBx, to upregulate the levels 

of MTA161. They further showed that the iNOS pathway is regulated by miR-661 indirectly, via its 

regulation of MTA165. 

In contrast to the above data, which suggest that miR-661 is downregulated during tumor progression 

and is therefore behaving as a candidate tumor suppressor, Vetter et al showed that miR-661 

contributes positively to the invasive behavior of breast cancer cells66. miR-661 targets StarD10, a 

lipid transferase, and Nectin1, a cell-cell adhesion protein66. The levels of miR661 are elevated in 

highly invasive breast cancer cell lines such as MDA-MB-435 and MDA-MB-231, while in weakly 

invasive and non invasive cell lines (such as MCF7 and MCF10F) it is expressed at lower levels66. 

Thus, miR-661 may either inhibit or promote cancer-related processes, depending on the cellular 

context.  

 

miR-339 

miR-339 is a human microRNA with an ortholog in mouse. There are a few established targets of 

miR-339 in the human transcriptome.  

Ueda et al showed that Dicer is responsible for the generation of mature miR-339, which targets 

ICAM-1, a cell adhesion protein67.  The effect of downregulation of ICAM-1 is that tumor cells are 

less susceptible to CTL-mediated cytolysis67.  Ju et al found that miR-339 showed an upregulation of 
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3.4 fold in pre-B-ALL (childhood B-cell precursor acute lymphoblastic leukemia) compared to 

normal marrow68. They suggested that the overexpression of the miR is possibly linking the 

transcriptional pathogenesis of pre-B-ALL68. In contrast, Wu et al showed that the expression of miR-

339-5p is low in the aggressive cell lines MDA-MB-468 and MDA-MB-231 and in breast cancer 

tissues69. They reported that overexpression of miR-339-5p reduced cancer cell migration and 

invasion capacities, while downregulated levels of the miR were associated with an increase in 

metastasis to lymph nodes and with high clinical stages69. BCL-6 has a target for miR-339-5p and 

was downregulated after overexpression of the miR69. Ichi et al found that miR-339-5p downregulates 

the histone demethylase enzyme KDM6B by 20-35% in ND7 cells (mouse neuronal cell line), while 

when in combination with miR-185 and miR-148a or miR-138 the downregulation was up to 90%70. 
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Research goals 

In my research project I wished to address the following questions: 

 To examine whether miR sites within Alus are functional 

 In cases where miR sites are non-functional discover potential mechanisms by which sites are masked 

 Identify novel miR regulators of the p53 network 

 Focus on a novel pair of miRs that reside within Alus in UTRs of the p53 network and examine their 

potential biological effect 
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Materials & Methods 

Cell culture, plasmids, siRNA, miR transfections and DNA damage 

Cells were maintained at 37C. MCF7 cells were grown in DMEM (Biological Industries) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Hyclone) and penicillin-

streptomycin antibiotics solution (all from Biological Industries).  

miR and siRNA (20 nM, Dharmacon) transient transfection was done according to the manufacturer’s 

instruction with Dharmafect1 reagent (Dharmacon).  

Doxorubicin (Sigma) was added to the culture medium at a final concentration of 1μM. Etoposide 

(Sigma, in DMSO) was used at a final concentration of 50μM. Both these genotoxic agents were 

added 48h after miR transfection.  

 

RNA purification, Real-Time quantitative PCR and Microarray hybridization 

RNA was extracted with the mirVana miRNA Isolation Kit (Ambion), for Real-time reverse 

transcription (RT)-PCR analysis. From each RNA sample 1.5µg was reverse transcribed with 

Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI), random hexamer 

primers (Sigmna) and dNTPs (LAROVA). Real-time PCR was done on a StepOne real-time PCR 

machine (Applied Biosystems, Foster City, CA) with Syber Green PCR supermix (Invitrogen).  

 

Primers 

Gene Forward primer Reverse primer 

p53 CCCAAGCAATGGATGATTTGA GGCATTCTGGGAGCTTCATCT 

GAPDH AGCCTCAAGATCATCAGCAATG CACGATACCAAAGTTGTCATGGAT 

MDM4 AATGATGACCTGGAGGACTCTAAGTC ACTGCCACTCATCCTCAGAGGTA 

p21 GGCAGACCAGCATGACAGATT GCGGATTAGGGCTTCCTCTT 

MDM2 CAGGCAAATGTGCAATACCAAC GGTTACAGCACCATCAGTAGGTACAG 

CD95 CCCTCCTACCTCTGGTTCTTACG TTGATGTCAGTCACTTGGGCAT 

Btg2 CCAGGAGGCACTCACAGAGC GCCCTTGGACGGCTTTTC 

Wig1 AGCTGTCCTCCTCCTGCTAGAA TCTGCGGAGGGACTGGAAC 
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Antibodies 

The following primary antibodies were used in western blot analysis: 

GAPDH monoclonal antibody was purchased from Millipore (MAB374) 

The monoclonal antibodies 4B2, 2A9, and 4B11 were used to detect MDM2. 

BL1258 (Bethyl Laboratories) was used as anti-MDM4 antibody. 

The monoclonal antibodies PAb1801 and DO1 were used to detect p53. 

Anti-p21 antibody (c-19) was purchased from Santa Cruz Biotechnology. 

 

Western blot analysis 

For western blot analysis cells were washed with PBS, collected and lysed with NP40 lysis buffer 

(150mM Sodium Chloride, 50mM Tris pH=8, 1% NP40) with protease inhibitor mix (Sigma). Cells 

in suspension were vigorously vortexed and centrifuged at 14000 RPM for 10 minutes at 4°C, and 

the soluble fraction was used to determine protein concentration in each sample. The protein 

concentration was determined with a BCA kit (Thermo scientific) according to the manufacturer’s 

protocol. Protein sample buffer (3% SDS, 10% glycerol, 5% β-mercaptoethanol, 62mM Tris pH=6.8) 

was added, and samples were boiled for 5 minutes and loaded onto SDS-polyacrylamide gels. 

Proteins were transferred onto nitrocellulose membranes, followed by 30 minutes blocking in 5% 

milk in PBS. The membranes were incubated with primary antibodies overnight at 4°C, washed 3 

times with PBST (0.05% Tween-20 in PBS), and reacted for 45 minutes with horseradish-peroxidase 

(HRP)- conjugated IgG, followed by 3 washes with PBST and one wash in PBS. The proteins were 

visualized using an enhanced chemiluminescence (ECL) detection kit (Amersham). 

 

Luciferase assay 

Cells were seeded in 12-well dishes, and each well was transfected with with 200 ng of firefly 

luciferase reporter plasmid DNA (p21 WT or p21 mutated) and 40ng renilla luciferase plasmid DNA, 

using the JetPei reagent (Polyplus Transfection) in NaCl (Polyplus Transfection), according to the 

manufacturer's protocol. Cells were washed twice in PBS and lysed with passive lysis buffer 

(Promega, USA) for 15 minutes with shaking. Luciferase reporter activity was measured in a 

luminometer (Moduluc Microplate, Turner BioSystems). 
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FACS cell cycle analysis 

Cells were detached by trypsinization, harvested in fresh medium, and combined with the removed 

culture medium that included the floating cells. Cells were pelleted, washed with cold PBS and fixed 

with cold 70% ethanol for at least 30 minutes at -20ºC. Ethanol was removed and cells were then 

washed with PBS twice, and resuspended in 100µl PBS containing 50µg/ml 50µg/ml RNase A for 

15 minutes.  Then 400µl PBS with propidium iodide (PI, Sigma, 50µg/ml) was added and cells were 

kept in the dark for at least 10 minutes. Cells were analyzed by flow cytometry (PI: excitation- 488nm, 

emission- 585nm) for DNA content, using a FACS instrument (FACSort, Becton Dickinson).  

 

Predicting miRNA targets in the p53 network 

The list of p53 network genes was taken from KEGG (http://www.genome.jp/kegg/) with some 

additions. All 7-11-kmers were scanned using JAVA code in the 3'UTR to find candidate motifs that 

may serve as miRNA targets. The binomial test was calculated using Java Statistical Classes 

(http://www.jsc.nildram.co.uk/index.htm). FDR was calculated using MATLAB. 

 

Human and mouse genomes and Alu sequences 

The full human 3'UTR sequence data was taken from UCSC71, NCBI36/hg18. Alu sequences and 

their locations were taken from Repeat Masker (only Alu family) 90. The mouse 3'UTRs sequences 

and coordinates were taken from UCSC71 (NCBI37/mm9). The mouse repeats were taken from 

Repeat Masker90.  

 

Prediction of miR targets and conservation analysis 

miR target sites were predicted by scanning for the seed of the miR, on the basis of perfect Watson-

Crick complementary. Targets were defined as perfect 7-mer, for all human and mouse miRs listed 

in miRBase release 15 (http://www.mirbase.org/). Conserved targets were taken from TargetScan 

release 5.1 (http://www.targetscan.org/), m8 target type only (perfect 7-mer). In the analysis of 

conservation and folding energy the only genes that were included were genes of the following types: 

(1) the 3'UTR in the UCSC version was the same as the 3'UTR of the genes used by TargetScan (as 

defined in their website); (2) The 3'UTR of the genes from UCSC were included inside the 3'UTR 

defined in TargetScan or the opposite. 

 Analysis of the Khan data 

http://www.genome.jp/kegg/
http://www.jsc.nildram.co.uk/index.htm
http://www.mirbase.org/
http://www.targetscan.org/
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The data regarding the miR-overexpression experiments was taken from Khan et al, 2009. This data 

contains siRNAs as well as miR overexpression experiments. Here we analyzed a subset of 43 miR 

over-expression experiments. For each miR that was over-expressed, site was scanned against all 

human 3'UTR.  Percent down-regulation of target mRNAs was defined as the percentage of genes 

with fold reduction of at least 1.6 (i.e. 0.7 of a log2 scale), except for figure 16 where a cut-off of 1 

was used. 

 

Secondary structure prediction 

Secondary structure were predicted for all human and mouse 3'UTRs using the Bioinformatics 

Toolbox of Matlab 10. The analysis was done in windows of 100 bps, and up to 50 bps from the last 

coding exon were added to the beginning of the 3'UTR for the prediction. The structure of each 

nucleotide of the 3'UTR was determined according to its structure in the folding where this nucleotide 

was in position 51 (in the window of 100).  The folding energy of each nucleotide was the average 

folding energy of this nucleotide in all the folding windows in which it was included. 
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Results 

Analysis of a dataset of genome-wide expression array experiments after miRs 

overexpression 

The mechanism by which miRs regulate mRNA function are under extensive investigation, as are the 

parameters that determine productive miR-mRNA recognition. Khan et al. have recently assembled 

the results of a series of genome-wide expression array experiments into a single normalized 

database72. I analyzed this database in order to obtain new insights into the regulation of specific 

mRNAs by miRs.  

For all the following analyses I used a subset of experiments from the Khan database, comprising 43 

experiments with 23 different miRs overexpressed in a total of five different cell lines. In each 

experiment the dataset provides information on the genome-wide mRNA response to the 

overexpression of one miR at a time in a given cell line. 

In order to set the fold change threshold that defines a downregulated gene I first looked at the fold 

change average of each experiment for all the genes with fold change lower than 0 (log2 scale) in two 

groups of genes: genes that contain the miR binding site, and genes without the miR binding site. As 

can be seen in figure 1, a threshold of -0.7 (log2 fold change) discards the off-target effects of the 

miR, since in all of the experiments the average fold change for genes without the miR binding site 

is above -0.7. 

 

Figure 1: Average downregulation of genes in the microarray experiments.  The average fold 

change (log2 scale) in the levels of the corresponding transcripts in each experiment was calculated 

for genes with fold change lower than 0 (log2 scale) separated to two groups of genes: those that 

contain the miR target and those that lack it.   
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miR targets in the 3'UTR are important for the functionality of the miR 

In order to further establish the intuitive notion that the presence of a miR target is required for 

downregulation by that miR, I first examined whether genes that contain a miR binding site are more 

likely than other genes to be downregulated in response overexpression of that miR. Figure 2 shows 

that the percentage of downregulated genes was significantly higher in the group of genes that 

contained a sequence motif predicted to be bound by the overexpressed miR, in comparison to the 

group of genes without such binding site (Student’s t-test P-value of 3.6e-16). In addition, the average 

fold change of the donwregulated genes was significantly higher in the group of genes containing the 

binding site compared to the downregulation that is occasionally observed among the control-set 

genes (Student’s t-test P-value of 4.7e-10). 

 

Figure 2: The importance of miR targets in the 3’UTR. In each microarray experiment two groups 

of genes were compared: genes with and without targets for the overexpressed miR. A: percentage of 

downregulated genes in the two groups. B: the average fold change (log2 scale) of genes in the two 

groups.  
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Conserved miR targets are more functional than non conserved miR targets 

The mere existence of a miR binding site sequence inside the 3'UTR of a gene does not necessarily 

imply that the gene will constitute a functional target of the miR. A common hallmark of target's 

authentic functionality is its conservation73. Therefore, I next compared between genes that contain a 

conserved vs. non conserved binding motif for each tested miR. Figure 3 shows that the group of 

genes with the conserved motif exhibited a significantly larger percentage of genes that were 

downregulated when the miR was overexpressed (Student’s t-test P-value of 6.5e-14), as well as a 

higher average fold reduction in expression (Student’s t-test P-value of 8.2e-5) compared to genes 

that contain the same motif yet that motif is not conserved in other mammals.  

 

Figure 3: The importance of conserved miR targets in the 3’UTR. In each microarray experiment 

two groups of genes were compared: those that contain a conserved target for the overexpressed miR 

and those with a non conserved miR target. A: percentage of downregulated genes in the two groups. 

B: average fold change (log2 scale) of genes in the two groups.  
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Multiple appearances of the miR target contribute to the target's functionality 

The number of times a target appears in the 3'UTR of a particular mRNA may be a crucial feature of 

the target's functionality. The contribution of this feature can be at two levels: cooperativity in the 

binding of the miRNAs and cooperativity in the function of the miRNAs after binding. Brenneck et 

al. showed that when the hid gene in the drosophila had three instead of five binding sites for the miR 

encoded by the bantam gene, its regulation was weaker74. Doench et al. compared between one 

binding site per gene and more than one when using siRNAs, and found that it was a non-linear 

connection, suggesting that the binding sites of miRNAs as well may function cooperatively75. 

As shown in Figure 4, I also found that genes with more than one binding site motif for a given miR 

are more downregulated than genes with only one motif for that miR, in downregulation percentage 

as well as average fold change of the downregulated genes (Student’s t-test P-value of 6.3e-14 and 

6.6e-6 respectively). 
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Figure 4: The importance of the 

number of appearances of the miR target in the 3’UTR. In each microarray experiment two groups 

of genes were compared: those containing the overexpressed miR target only once and those 

harboring the target multiple times. A: percentage of downregulated genes in the two groups. B: 

average fold change (log2 scale) of genes in the two groups.  
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The potential genomic interplay between Alus and miRs  

As Alus are so abundant in the human genome, the potential effect of functional miR targets inside 

them might be substantial and impact crucial cellular processes. To evaluate the potential effect of 

Alu insertions in the human genome on miR targeting I first examined how many predicted miR 

targets (perfect 7-mers) appear inside Alu sequences that reside in the 3'UTRs of human genes. This 

analysis revealed that 16% of the human genes contain at least one Alu in their 3'UTR. A total of 

4927 Alu sequences that reside within the 3'UTRs present 94,785 potential miR targets, and in 

particular 28,829 targets of the 401 miRs that are conserved among mammals. Notably, there is a 

total of 3,088 predicted targets for the most conserved miRs in the animal kingdom (74 miRs)76.  

Hence, the potential impact of miR targeting Alu sequences may be substantial.  

 

miR binding sites inside Alus are less functional 

To discriminate between the effect of miR sites residing inside versus outside Alus I defined two 

groups of genes for each miR in the dataset: those that harbor the binding motifs only inside Alus and 

those that harbor the target only outside Alus (Table 1). As shown in Figure 5, I found that the 

percentage of downregulated genes is significantly greater when the targets reside outside Alus as 

compared to when they are located only inside Alus (Student’s t-test P-value of 1.1e-7). The same 

trend appears in our alternative measure of miR overexpression efficacy, namely the average extent 

of downregulation per gene: the fold reduction is significantly higher for the genes that contain the 

miR site outside Alus (Student’s t-test P-value of 0.004).  

Since Alus are primate-specific and therefore any motif inside an Alu is by default non-conserved in 

mammals, I wanted to rule out the possibility that the lower functionality of the miR binding sites 

inside Alus is not unique to Alus but rather is a mere reflection of the fact that they are not conserved. 

I therefore compared the effect of Alu-hosted miR targets to non-conserved targets residing outside 

Alus. As shown in Figure 6, this analysis revealed that miR binding sites inside Alus are still less 

functional even when compared to non-conserved miR binding sites outside Alus (Student’s t-test P-

values of 4.6e-4 and 2.4e-6 respectively).  

 I next wished to assess the impact of miR targets residing only within Alus, relative to transcripts 

that don’t harbor any target at all for that miR. The results (Figure 7) indicated that, on average, the 

two groups of transcripts exhibited similar responses to the overexpression of the relevant miR 
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(Student’s t-test P-values of 0.67 and 0.93 respectively), suggesting that the vast majority of miR sites 

within Alus are probably non functional.  

In the above analysis, I included only targets that represent a perfect 7-mer match to the miR seed, 

and therefore are expected in principle to be effective. This implies that there must exist a molecular 

mechanism by which these targets are “hidden” from the miR recognition machinery. I hypothesized 

that the apparent lack of function of Alu-contained miR sites may stem from specific genomic features 

associated with such sites. I thus next set out to identify such features that may potentially enable miR 

binding sites within Alus to avoid recognition by the RISC machinery.   

 

 

Table 1: Numbers of genes containing binding sites for each of the miRs included in the Khan 

dataset. For each miR the table shows the number of genes in the genome that contain the miR 

target in its 3'UTR inside and outside Alus.  

miR target

num genes 

with target 

only in alu

num genes 

with target 

only out alu

num genes with 

both in and out 

alu

hsa-let-7b CTACCTC 67 1245 14

hsa-miR-1 ACATTCC 5 1630 1

hsa-miR-103 ATGCTGC 12 1741 1

hsa-miR-106b GCACTTT 826 1894 202

hsa-miR-107 ATGCTGC 12 1741 1

hsa-miR-122a ACACTCC 51 1068 8

hsa-miR-124 GTGCCTT 9 2024 5

hsa-miR-132 GACTGTT 6 1485 2

hsa-miR-133a GGACCAA 1 1077 0

hsa-miR-142 ACACTAC 18 723 1

hsa-miR-148b TGCACTG 62 1900 14

hsa-miR-155 AGCATTA 1 1432 1

hsa-miR-15a TGCTGCT 9 3086 2

hsa-miR-15b TGCTGCT 9 3086 2

hsa-miR-16 TGCTGCT 9 3086 2

hsa-miR-181 TGAATGT 3 2690 0

hsa-miR-195 TGCTGCT 9 3086 2

hsa-miR-30a TGTTTAC 2 2235 1

hsa-miR-34a CACTGCC 41 2244 8

hsa-miR-34c TAGTGAT 14 1160 2

hsa-miR-373 AGCACTT 830 1827 215

hsa-miR-7 GTCTTCC 15 1584 4

hsa-miR-9 ACCAAAG 10 1771 2
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Figure 5: miR targets inside Alus are less functional than outside Alus. For each microarray 

experiment two groups of genes were compared: those with the overexpressed miR target only inside 

Alus and those with the  target only outside Alus. A: percentage of downregulated genes in the two 

groups. B: average fold change (log2 scale) of genes in the two groups. 
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Figure 6: miR targets inside Alus are less functional than non-conserved targets outside Alus. 

For each microarray experiment two groups of genes were compared: those with the overexpressed 

miR target only inside Alus and those with a non-conserved target outside Alus. A: percentage of 

downregulated genes in the two groups. B: average fold change (log2 scale) of genes in the two 

groups.  
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Figure 7: miR targets inside Alus tend to be non-functional. For each microarray experiment genes 

with a target for the overexpressed miR only inside Alus were compared with those that don’t harbor 

any target at all for this miR within their 3’UTR. A: percentage of downregulated genes in the two 

groups. B: average fold change (log2 scale) of genes in the two groups. 
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Mutually distinct 3’ UTR territories of conserved miR sites and Alu repeats  

The first parameter that I explored in order to elucidate the lack of regulatory function of miR binding 

sites within Alus is their location within the 3’UTR. It was previously shown that conserved and 

functional miR targets tend to reside preferentially near both ends of the 3'UTR rather than in the 

middle part of the 3’UTR5. The analysis that I performed on the Khan dataset (Figure 8) recapitulated 

the above conclusion, further showing that miR binding sites in the middle are less functional than 

those in the ends, (Student’s t-test P-values of 0.03 and 0.17).  

Another way of recapitulating this statement is by looking at the positions of conserved miR targets. 

Figure 9A shows that conserved miR binding sites are enriched near the two ends of the 3'UTR. 

Moreover, by analysis of 40,157 conserved targets, I found that these conserved sites are more 

abundant in the first and last 250 bp of the 3'UTR (Figure 10B, D). In contrast, non-conserved sites 

are equally represented throughout the 3’UTRs (Figure 9C).   

I next examined whether the position of Alu sequences within the 3'UTR is random or is also 

restricted and biased. Interestingly, I found that Alus are depleted from the 3'UTR ends, showing an 

almost exact mirror image of the conserved miR sites’ distribution. This phenomenon was apparent 

from analysis of the relative position (Figure 9B) as well as of the absolute position (Figure 10A, C), 

implying that Alus are selectively excluded from the first and last 250bp.  

These results suggest that Alu insertions in 3’ UTRs were tolerated during primate evolution only 

provided that they occurred away from the two 3’ UTR ends. It is tempting to speculate that one 

reason for such Alu avoidance from the 3’ UTR ends is that such territories are preserved for 

functional miR regulation that need not be distorted by Alu insertions.  

In order to check whether this was the only explanation for the disfunctionality of miR binding sites 

inside Alus, I inspected the Khan dataset for genes with the target only inside Alus vs. genes with the 

target outside Alus but nevertheless located in the middle of the 3’UTR rather than near its ends. As 

can be seen in Figure 11, targets in the middle of the 3'UTR were still found to be more functional 

than those inside Alus (Student’s t-test P-values of 7.9e-11 and 0.0026). Therefore, there must exist 

at least one additional mechanism besides the location of the miR binding sites which prevents targets 

inside Alus from being functional. This conjecture is further supported by the fact that, although most 

Alus are indeed located towards the middle of the 3’UTR, hundreds of Alu sites are nevertheless 

present in 3’ UTR ends of genes,. 
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Figure 8: miR targets in the middle of the 3’UTR are less functional than near the 3’UTR ends. 

For each microarray experiment genes with the overexpressed miR target only near the ends (first 

and last 250 bases of the 3’UTR) were compared to genes with the target only in the middle of the 

3’UTR. Only genes with 3’UTRs longer than 1000bp were included in the analysis. A: percentage of 

downregulated genes in the two groups. B: average fold change (log2 scale) of genes in the two 

groups. 
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Figure 9: Conserved miR targets tend to reside near the 3’UTR ends, while Alu elements reside 

preferentially in the middle of the 3’UTR. The location (shown as cumulative percentage) of all 

miR targets and Alus in genes with 3’UTR above 1000 bases were calculated. A: conserved miR 

targets. B: Alu sequences. C: conserved and non-conserved miR targets together. 
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Figure 10: Conserved miR targets tend to reside near the 3’UTR ends, while Alu elements reside 

preferentially in the middle of the 3’UTR. The absolute distance from the beginning and end of the 

3'UTR was calculated for all miR targets and Alus in genes with 3’UTRs longer than 1000 bases. A, 

C: Alu sequences. B, D: conserved miR targets.  
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Figure 11: miR targets in the middle of the 3’UTR residing outside Alus are more functional 

than targets inside Alus. In each microarray experiment genes with the overexpressed miR target 

only in Alus were compared with genes harboring the target only in the middle of the 3’UTR (middle 

is all the 3’UTR but the first and last 250 bases). Only genes with 3’UTRs above 1000bp were taken 

into the analysis. A: percentage of downregulated genes in the two groups. B: average fold change 

(log2 scale) of genes in the two groups.  
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miR targets inside Alus have more extensive secondary structure than targets outside Alus 

It was previously shown that the structure and folding energy of miR targets and their surroundings 

are very important for their functionality77. Specifically, Segal and colleagues showed that targets 

within tight secondary structures are less functional77.  

I therefore simulated the structure of the full genome 3'UTRs, and looked at the mean energy profile 

of genes with vs. without conserved targets in specific areas. As can be seen in figure 12, genes that 

have conserved binding sites at a given location along the 3’ UTR tend to have a significantly less 

tight secondary structure in that region compared to genes without any conserved miR site at that 

region, and this conclusion holds for all possible locations along the 3’ UTR. 

Another confirmation that the structure is important for the functionality of the miR binding site can 

be seen in figure 13, where I looked at the percentage of downregulated genes in the Khan dataset, 

and separated genes with structured miR binding sites from genes with un-structured miR binding 

sites. It can be seen that there is a significant difference between the two groups, and un-structured 

miR binding sites are more functional than structured miR binding sites (Student’s t-test P-values of 

0.06 and 0.03).   

As tight secondary structure around the target site might serve as an additional avoidance mechanism, 

I examined the folding energy around targets inside Alus. As illustrated in figure 14, targets inside 

Alus tend to reside within more tight structures, as compared with conserved targets, an observation 

that is compatible with the known high secondary structure content of RNA encoded by Alu repeats78-

79. Yet, this could not be the main mechanism for avoidance, as there are numerous conserved targets 

whose extent of predicted folding is comparable to that of binding sites inside Alus (see histogram), 

and these conserved targets are nevertheless functional, as exemplified by our analysis of Khan’s 

data.  
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Figure 12: Mean folding energy around conserved targets is higher than around non-conserved 

targets. The mean folding energy of all genes with 3'UTR>1000 bp was simulated in Matlab. In 

figures A-D the mean folding energy in the first 1000 bases of the 3'UTR is presented for two groups 

of genes: those with conserved targets in a specific area, and those without conserved targets in a 

specific area. 
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Figure 13: Importance of RNA structure for miR binding site functionality. The structure of all 

targets was simulated in Matlab. A target was defined as structured when more than 80% of its 

sequence was predicted to undergo base pairing. A: percentage of downregulated genes in the two 

groups. B: average fold change (log2 scale) of genes in the two groups. 
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Figure 14: Targets inside Alus have a tighter structure than conserved targets. The mean folding 

energy of all the miR targets was calculated using Matlab. A: mean folding energy of targets inside 

Alus vs. conserved targets. B: mean folding energy of conserved vs. non-conserved targets.  B: mean 

folding energy of conserved vs. non-conserved targets. 
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miR targets inside Alus appear to be subject to RNA editing 

It was previously shown that Alu sequences in the human transcriptome are subject to extensive RNA 

editing80-84, modifying adenosines to inosines. Since inosines are recognized as guanosines, such 

alterations can diminish the complementarity between a miR's seed and its binding site within Alus.  

I first examined the miR targets that do not contain an A in their RNA sequences, as they cannot be 

subject to editing; out of 18 miR binding sites in the collection, 3 (16%) have no A in the respective 

seven-mer binding site.  

When examining only genes with putative miRNA binding sites outside Alus, there was no difference 

in the response to miRNA overexpression between targets that contain an A in the motif and those 

that do not (Figure 15A, student t-test 0.3). In contrast, among genes with targets only inside Alus, 

potential miRNA targets containing at least one A were found to be less functional than those without 

any A (Figure 15B, student t-test 0.02). 

These results suggest that RNA editing is an additional mechanism through which miR targets that 

contain adenosines and reside within Alus avoid miR recognition. 
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Figure 15: miR targets inside Alus may be masked by RNA editing. The group of microarray 

experiments were divided to those where the miR target contains an A and those where the miR target 

does not contain an A. A: percentage of downregulatted genes among those that contain the miR 

target only outside Alus.  B: percentage of downregulated genes among those that contain the miR 

target only within Alus. 
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Analysis of the avoidance means of all targets of conserved miRs  

After finding three potential mechanisms by which miR binding sites inside Alus can possibly avoid 

the miR machinery, I next wished to evaluate the full effect of those mechanisms and the interactions 

between them. As can be seen in figure 16, most targets within Alus possess at least one potential 

mechanism of avoidance. Most targets have at least two, and a large proportion have all three 

mechanisms. 

 

Figure 16: Analysis of the avoidance mechanisms of all targets of conserved miRs. All targets of 

conserved miRs (in mammals) within 3’UTRs that are at least 1000bp long were analyzed for 

location, structure and nucleotide composition.  
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Avoidance mechanisms of B1 repeats in the mouse genome 

Transposable elements are active in most animal genomes; therefore introduction of novel miR targets 

via transposition can occur also in other species. To support our results in the human genome, I 

investigated this issue in the mouse genome.  

Although Alu repeats are primate-specific, there are repeats similar to Alus in the mouse genome, 

namely, in the SINE family – B1 repeats. As is the case for Alus, B1 repeats emerged from the 

ancestral 7SL RNA gene85. The B1 repeats are less widespread (comprising only 2.7% of the mouse 

genome 8,86) and are shorter (~ 140 bp)87. 

In the mouse genome, 8.3% of the genes contain at least one B1 repeat in their 3'UTR. The 1962 B1 

sequences that reside within the 3'UTRs present 14,372 potential miR targets (perfect 7-mers). 

Consequently, the potential effect of miR targeting B1 is less substantial than in Alus in the human 

genome, but may still be meaningful. 

RNA derived from B1 repeats is less likely to be subject to RNA editing, since their number is 

significantly smaller, therefore it is less likely of them to be close and in opposite direction to one 

another and form a secondary structure. I therefore focused on analyses of location and structure   

With regard to the location within the 3’UTR, mouse B1 repeats show similar trends as the human 

Alus. B1 repeats tend to avoid the ends of the 3’UTR, predominantly the beginning, showing a trend 

opposite to the conserved mouse miR targets (Figure 17).  

As expected from their common origin, miR targets within B1 repeats (like the ones within Alus) 

show lower folding energies in their immediate region, while conserved mouse miR targets show 

higher folding energies (Figure 18). 

In conclusion, both avoidance mechanisms -mutual exclusion in the location and less accessible 

mRNA secondary structure - are apparent in the mouse genome, supporting their importance in 

avoiding the introduction of new miR targets. 
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Figure 17: Repeats and miR targets reside in mutually distinct 3’ UTR territories in the mouse 

genome. A:  Relative positions along the 3’UTR of all conserved miR targets in 3’UTRs longer than 

1000 bases. B:  Relative start position along the 3’UTR of all B1 repeats in 3’UTRs longer than 1000 

bases.  
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Figure 18: Targets inside B1 repeats have a tighter mRNA secondary structure than conserved 

targets. The mean folding energy of all the miR targets inside B1 sequences and conserved targets in 

the mouse genome was calculated using Matlab.  
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miR-661 and miR-339-5p in the p53 network 

In the first part of this work I concentrated on the global effect of miR targets inside Alus. I 

showed that in general, miR targets inside Alus are being masked by different mechanisms in 

the cell, and that they are less functional than miR targets outside Alus.  

However, it is entirely possible that a small fraction of those evolutionarily novel miR sites 

inside Alus are functional, and introduce new regulations to the cell.  

In this part of my work my aim is to concentrate at the highly important p53 pathway, to find 

miRs that downregulate multiple components in the pathway, and specifically look at miR 

targets inside Alus in those components. 

 

microRNA target prediction in the p53 network, guided by multiple appearances per target 

As described in the Khan dataset analysis, the number of times a miR site appears in the 3'UTR of a 

particular mRNA may be a crucial feature of the site’s functionality. The contribution of this feature 

can be at two levels: cooperativity in the binding of the miRNAs and cooperativity in the function of 

the miRNAs after binding. On the statistical basis, multiple occurrences of the same site in a given 

UTR might reduce the chance of false positive prediction. Based on these hypotheses, I decided to 

perform a search for miRNA targets in the p53 network, focusing on the multiple appearances feature. 

To that end, I scanned all possible nucleotide k-mers (for <=7k<=11) for the presence of each of them 

within the 3’UTRs of human genes' associated with the p53 network, as described in KEGG 

(http://www.genome.jp/kegg/). I devised two computational tests to find k-mers that tend to (1) 

appear multiple times in 3'UTRs of the same genes, or (2) multiple times in the 3' UTRs of multiple 

genes belonging to the p53 network. In those tests I considered k-mers that can serve as potential 

targets for known miRNAs, as well as on those that are not associated with a known miRNA. The 

first test was a binomial test, which gave a p-value for each pair that consists of a gene and a kmer 

for the hypothesis that the number of appearances of the k-mer in the gene’s UTR reflects the genome 

average for that k-mer. In this test n was the number of times the kmer could appear in a gene's 3'UTR 

(assessed as the length of the 3'UTR divided by the length of the kmer), and p was the average score 

of appearances of the kmer in the 3'UTRs of all genes. False Discovery Rate (FDR) was applied and 

set on a q-value of 10%. The second test was the “gap test”: the gap score is the number of total 

appearances of the kmer in the 3'UTRs of the p53 network genes minus the number of genes the kmer 

appears in the network. The score of each kmer was its gap score minus its average gap score in the 

http://www.genome.jp/kegg/
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controls. I created three controls: 1. a group of 700 random genes that have the same 3'UTR length 

distribution as the p53 network genes 2. a shuffle of the genes' 3'UTRS and 3. a shuffle of the kmer. 

I considered the top 1000 kmers that had the largest difference between the gap score in the p53 

network genes and in the controls. 

 

Among the kmers that passed both tests (the binomial and the gap test) was the palindrome 

CCAGGCTGG, which appears in ~2550 genes in the genome. Among all gens in the genome, it 

received binomial scores that passed FDR 10% for 37 genes, among them are MDM2 and MDM4. 

In the p53 network its average appearances (in genes it appears in) is 2.7, while in the full genome its 

average is 1.79. This palindrome did not match any known human miRNA, but I noted that addition 

of one C at its beginning converted it into a miR-661 target (CCCAGGC). Remarkably, a perfect 

putative target of miR-661 appears 5 times in MDM2 mRNA and 9 times in MDM4 mRNA. This was 

a very intriguing observation, since both MDM2 and MDM4 are major regulators of p53. Specifically 

these two factors work together to promote p53 degradation and inactivation. Of particular relevance 

to the concepts discussed earlier in this thesis, all the miR-661 targets in MDM2 mRNA and all but 

one in MDM4 reside within Alus. Had we masked 3’ UTRs from repetitive elements prior to the 

computational screen we would have missed this site. 

In addition to miR-661, the target of miR-339-5p also appeared to have good scores. It was in the top 

1000 gap score kmers and had low p-values in the binomial test, although it didn't pass the FDR test. 

The miR-339-5p target in MDM4 and MDM2 scored p-values of 0.0076 and 1.74E-4, respectively. In 

MDM4 mRNA, miR-339-5p has 4 targets and 3 in MDM2.  

I decided to focus on those two miRs to see their effect on MDM2 and MDM4 expression in living 

cells. 
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Figure 19: miR-661 and miR-339-5p have multiple targets in MDM2 and MDM4 mRNA. The 

3'UTRs of MDM2 and MDM4 are presented, with Alus and targets for miR-661 and miR-339-5p. 

Targets are perfect matching 7-mers. 
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miR-661 and miR-339-5p downregulate MDM2 and MDM4 

In order to investigate whether miR-661 and miR-339-5p can indeed target MDM2 and MDM4, I first 

checked their impact on the respective mRNA levels. MCF7 cells were transfected with the specific 

miRs vs. a miR control (which is not supposed to target these mRNAs) for 48 hours. As can be seen 

in figure 20A, MDM2 mRNA levels were suppressed by both miRs: miR-661 and miR-339-5p caused 

a reduction of ~20% and ~25%, respectively, in MDM2 mRNA. The levels of MDM4 mRNA were 

not significantly affected by these miRs, and no significant change was also seen in the levels of p53 

mRNA. However, the mRNA level of the p53 transcriptional target p21 was strongly upregulated 

upon both miR-661 and miR-339-5p overexpression, suggesting that p53 has undergone activation.  

Next, I looked at the protein levels of MDM2 and MDM4 after overexpression of miR-661 and miR-

339-5p. As can be seen in figure 20B, the levels of MDM2 were downregulated both by miR-661 and 

miR-339-5p, while MDM4 was downregulated only by miR-661. In contrast, p53 protein levels were 

not affected.  

At first glance, the lack of change in p53 protein levels was puzzling, since a decrease in MDM2 and 

MDM4 might be expected to slow-down p53 ubiquitination and therefore lead to p53 accumulation. 

However, in addition to promoting p53 protein degradation, MDM2 and MDM4 also inhibit the 

biochemical functions of p53, even in cases where there is no visible effect on p53 protein levels. It 

is thus conceivable that the increase in p21 mRNA levels is indicative of an upregulation in the 

functionality of p53.  

 

In conclusion, I show that miR-661 downregulates MDM2 at the mRNA and protein level and MDM4 

only at the protein level. Furthermore, miR-339-5p targets MDM2, downregulating its mRNA and 

protein levels. This is consistent with the computational predictions discussed above. 
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Figure 20: miR-661 and miR-339-5p downregulate MDM2 and MDM4. MCF7 cells were 

transfected with 20nM miR-661 mimic or miR-339-5p mimic or miR-control, and harvested for 

analysis 48 hours later. A: qRT-PCR analysis of MDM4, MDM2, p53 and p21 mRNA. Values were 

normalized to GAPDH mRNA in the same sample. B: Protein analysis was performed by Western 

blot with the indicated antibodies. 
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p53 reduces the effect of of miR 661 and miR 339 on MDM2 

MDM2 levels are positively regulated by p53, thus forming a negative feedback loop. In order to 

assess more directly the effects of the two miRs on MDM2 levels, I therefore knocked down p53. 

MCF7 cells were transfected with miR-661, miR-339-5p or control miR, as well as with p53 siRNA 

(sip53) or control siRNA (siControl). Cells were harvested for analysis 48 h later. As shown in figure 

21A, overexpression of miR-661 or miR-339-5p in p53-depleted cells led to a ~25% or ~61% 

decrease, respectively, in MDM2 mRNA levels. This downregulation was substantially stronger than 

in cells transfected with control siRNA, confirming the expectation that the p53-MDM2 loop 

dampens part of the effects of those miRs on MDM2.  

The regulation of MDM4 by each of the two miRs was not affected by p53 knockdown, as expected 

from the fact that, unlike MDM2, MDM4 is not regulated by p53. 

Levels of p21 mRNA were upregulated when the miRs were overexpressed, and this effect was 

reversed by p53 knockdown, confirming that the increase in p21 was a result of upregulation of p53 

activity. 

Similar conclusions were reached by Western blot analysis of the relevant proteins (figure 21B). As 

expected and as seen at the mRNA levels, the downregulation of MDM2 by the miRs was more 

prominent after knocking down p53. In addition, there was an upregulation of p21 protein by the 

miRs, which was counteracted by p53 knockdown in line with the effects on the mRNA levels 

In summary, the downregulation of MDM2 mRNA and protein by miR-661 and miR-339-5p is 

convincingly observed upon downregulation of p53, but is partly occluded when p53 is fully active, 

because the induced p53 causes a secondary induction of MDM2 via transcriptional activation of the 

MDM2 gene. 
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Figure 21: p53 depletion enhances the effect of miR-661 and miR-339-5p on MDM2 but not 

MDM4. MCF7 cells were transfected with 20nM miR-661 or miR-339-5p mimic or with miR-

control, in combination with either 20nM p53 siRNA (sip53) or control siRNA (siControl) Cells were 

harvested for analysis 48 hours later. A: Total RNA was extracted and subjected to qRT-PCR analysis 

of MDM4, MDM2, p53 and p21 mRNA. Values were normalized to GAPDH mRNA in the same 

sample B: Cells were subjected to Western blot analysis with the indicated antibodies. 
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miR-661 overexpression induces activation of the p21 gene promoter 

I showed in previous sections that miR-661 overexpression causes an upregulation of p21 mRNA and 

protein, presumably via an increase in p53 activity. 

In order to corroborate this conclusion, and to link it directly to enhanced transcriptional activity I 

looked at the effect of miR-661 on p21 promoter activity. MCF7 cells were transfected with the miRs 

for 48h, with or without a plasmid containing the p21 promoter, containing the p53 response elements, 

upstream of the luciferase gene. As a control, a version containing mutated p53 binding sites was 

transfected; this mutant is expected to not to be, regulated by p53. Luciferase levels were measured 

by luminescence. 

As can be seen in figure 22, the activity of the wild type p21 promoter was increased by ~2 fold as a 

result of miR-661 overexpression, while the activity of the mutant p21 promoter was not affected. 

This result indicates that the increase of p21 after transfection of miR-661 is due to upregulation of 

p53 transcriptional activity. 

 

 

 

Figure 22: p21 promoter activity is induced by miR-661 in a p53-dependent manner. MCF7 cells 

were transfected with 20 nM miR-661 or miR-control for 48 hours, followed by transfection of a 

luciferase reporter plasmid containing the wild type p21 promoter or derivative thereof carrying 

mutations in the p53 binding sites. A plasmid expressing the Renilla luciferase gene was cotransfected 

and used as a normalization control. 
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miR-661 and miR-339-5p upregulate various p53 targets 

p53 is a transcription factor with hundreds of targets. It may direct the cell to different outcomes such 

as senescence, growth arrest, or apoptosis. As established in previous sections, miR-661 and miR-

339-5p are able to upregulate p53 activity by downregulating MDM2 and MDM4 levels. To further 

investigate the outcome of this upregulation, I monitored the endogenous mRNA levels of different 

p53 transcriptional targets. 

As seen in figure 23, the levels of several such p53 targets were increased as a result of miR-661 and 

miR-339-5p overexpression, and the proteins encoded by these p53 target genes are involved in 

mediating diverse biochemical and biological effects of p53: CD95 encodes the Fas receptor that 

plays an important role in apoptosis, Btg2 controls the cell cycle, and Wig1 is a growth inhibitory 

zinc finger protein. Importantly, the effect of miR-661 and miR-339-5p on all those genes was 

abrogated upon knocking down p53. 

The transcriptional upregulation of all these p53 targets by miR-661 and miR-339 implicates both 

miRs as potential tumor suppressors, which can augment the functionality of p53 by repressing the 

expression of its main negative regulators MDM2 and MDM4. 
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Figure 23: miR-661 and miR-339-5p upregulate various p53 target genes.  

MCF7 cells were transfected with 20 nM miR-661 or miR-339-5p or miR-control and 20nM p53 

siRNA or control siRNA. 48 hours later, cells were subjected to total RNA extraction, followed by 

qRT-PCR analysis for transcripts of the CD95, Btg2 and Wig1 genes. Values were normalized to 

GAPDH mRNA in the same sample.  
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miR-661 overexpression inhibits cell cycle progression and elicits apoptosis 

To investigate the biological impact of the upregulation of p53 target genes by miR-661 

overexpression, I next examined the effect of this miR on the cell cycle profile. This was done with 

and without DNA damage, where the DNA damage served to further activate the endogenous p53. 

As can be seen in figure 24A, transfection of MCF7 cells with miR-661 led to a decrease in the S and 

G2/M phases; this is consistent with the upregulation of p21 which is known to inhibit the entry of 

cells from G1 into S phase and cause a growth arrest in late G1. In addition, miR-661 overexpression 

caused an increase in the percentage of cells with subG1 DNA content, indicative of apoptosis, 

consistent with the observation that miR-661 drives the upregulation of pro-apoptotic genes such as 

CD95. 

When DNA damage (Doxorubicin) was introduced (figure 24B), the pro-apoptotic effect of miR-661 

was further enhanced. Under those conditions, miR-661 led to a 3 fold increase in the percentage of 

apoptotic cells. In addition, there was also a significant effect on the cell cycle: more than 2 fold 

decrease in the S and G2/M phases. 

In conclusion, miR-661 overexpression can promote cell cycle arrest and apoptosis, both under basal 

conditions, and even more so after exposure to DNA damage.  
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Figure 24: miR-661 overexpression elicits cell cycle arrest and apoptosis. MCF7 cells were 

transfected with 20nM miR-661 or miR-control for 48 hours, and then either left untreated (A) or 

exposed to 50 μM Etoposide for an additional 24h (B). Cells were then harvested, fixed, stained with 

PI and subjected to cell cycle analysis by flow cytometry.  
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miR-661 modulates MDM2, MDM4 and p21 protein levels in cells exposed to DNA damage 

Exposure to DNA damage induces p53-dependent transcriptional upregulation of many p53 target 

genes. I therefore monitored the effect of miR-661 upregulation on various p53-relevant proteins in 

cells exposed to DNA damage. To that end, cultures were treated with Doxorubicin and the cells were 

then harvested at different time points and subjected to Western blot analysis. As can be seen in figure 

25, the levels of p53 increased over time, followed by an increase of MDM2. However, cells 

overexpressing miR-661 displayed lower levels of MDM2 relative to miR control-transfected cells. 

As previously reported, MDM4 levels are not significantly affected by DNA damage, at least for the 

duration of this time course; here, too, a negative effect of miR-661 was clearly seen at all time points. 

The levels of p21 increased over time, as expected, but in cells transfected with miR-661 this increase 

was more pronounced, presumably as a result of the reduction in MDM2 and MDM4 levels that 

causes an upregulation of p53 functionality. 

 

 

Figure 25: miR-661 modulates MDM2, MDM4 and p21 protein levels in cells exposed to DNA 

damage. MCF7 cells were transfected with 20 nM miR-661 or miR-control for 48 hours, followed 

by addition of 1μM doxorubicin (Doxo) for 0, 2 or 4 hours. Proteins were analyzed by Western blot 

with the indicated antibodies.  
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Discussion  

In this work I attempted to examine the interplay between miRs and Alu sequences. Alus are primate 

specific, and have more than one million copies in the human genome8. 16% of all genes contain at 

least one Alu in their 3'UTR, which implies that evolutionarily new sequences have entered into a 

major regulatory region of genes. I specifically looked at the Alus' ability to insert new miR targets 

into the 3'UTR of genes, which may alter the whole regulation of the gene, and also introduce new 

coordinated regulatory rule into a group of genes into which the same Alu has entered. Although 

some of these new targets may serve as raw material for evolutionary novelty, a substantial challenge 

for the cell is to mask the rest from a potential distorting regulatory effect. 

Here I report that the majority of miR targets within Alus are non-functional, as presented in figure 

5. I show that the percentage of downregulated genes, as well as the average fold change upon miR 

over-expression, are significantly higher in miR binding sites located outside Alus relative to those 

residing within miRs. In addition I show that, on average, miR binding sites inside Alus tend to be 

inactive, as reflected by the observation that their effects on gene expression are not significantly 

greater than seen for genes that have no target at all for the tested miR. After concluding that miR 

binding sites within Alus are often non functional miR targets, I set out to investigate the mechanisms 

that allow the cell to mask the effect of those legitimate-looking miR targets. I could obtain evidence 

to support three such mechanisms: location, structure and RNA editing. While conserved and 

therefore presumably functional miR binding sites tend to concentrate near the beginning and end of 

the 3'UTR 5 (~250 bp), Alus often reside in the middle of the 3'UTR, which implies that Alus inserted 

near the ends were likely selected against during evolution. Such negative selection may be explained 

by a variety of scenarios. For instance, Alus inserted near the ends might have forced important miR 

targets to move towards the middle of the 3’UTR, where they become less effective. Another scenario, 

supported by my findings, is that Alus near the ends might have introduced new miR binding sites in 

locations where such targets are highly functional, grossly altering the conserved regulation of the 

gene. Additionally, it is of course conceivable that insertion of Alus near the ends of 3’UTRs may be 

deleterious also for reasons that are unrelated to miR function.  

The second mechanism that may disregard the RNA silencing machinery to disregard miR targets 

within Alus is the secondary structure of such target regions, which tends to be particularly tight. 

Such structure renders the recognition and binding of the target by the RISC machinery energetically 

less favorable77.  
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A third possible mechanism is RNA editing. RNA editing occurs predominantly in Alu sequences80-

84. As such, editing is also likely to alter miR binding sites within Alus, making them dysfunctional. 

My analysis supports such conjecture; however, the evidence is not conclusive enough at this point, 

because the great majority of the miR targets in the Khan dataset contain at least one A and are thus 

potentially subject to editing. The number of targets that are totally A-free is therefore too small to 

enable a comparison between them and the A-containing sites that yields sufficient statistical power. 

To address this problem I intend to conduct an expression array experiment where miR-373 will be 

overexpressed in cells with or without simultaneous overexpression or silencing of the ADAR 

enzyme, which performs the editing88. I hope to be able to demonstrate that miR biding sites within 

Alus become even less functional in the presence of ADAR, wheeas A-free sites are not affected. 

Such proof can open new research possibilities, since ADAR levels are frequently reduced in cancer89, 

raising the possibility that miR binding sites within Alus become more functional in cancer cells. 

To conclude, the cell uses at least three different mechanisms to mask the possibly deleterious effects 

of miR binding sites within Alus. This involves a combination of evolutionary means (location), Alu-

contained inherent features (structure), and an enzymatic mechanism (editing), all in order to “hide” 

the new miR binding sites that Alus introduce into the 3'UTR from the miR machinery. Despite the 

above it is intriguing that xx miR sites in the genome reside in Alus but they appear not be masked 

by any of the three means discussed here. A subset of xx of them are contained in the Kahan dataset 

and are indeed shown to function as bona fide miR targets. These results suggest that there is 

considerable potential for Alus to have introduced genomic novelty into the human genome. 

 

Indeed in the complementary half of this study I identified miR-661 and miR339-5p as new regulators 

of MDM2 and MDM4 that partially act from within Alu elements . I showed that both miRs 

downregulate MDM2 mRNA and protein levels, while miR-661 downregulates MDM4 protein levels 

as well. As a result of MDM2 and MDM4 downregulation by miR-661 and miR-339-5p 

overexpression, p53 activity is upregulated. I showed that, at least in MCF7 cells, the protein levels 

of p53 are not increased upon overexpression of those miRs, but its activity does. This is reflected by 

an increase in the mRNA levels of p53 target genes such as p21, CD95, Btg2 and Wig1 after the 

overexpression of the miRs, an increase that was shown to be dependent on p53 since it was abolished 

by p53 knockdown. Moreover, miR-661 exerts a significant effect on the cell cycle: miR-661 

overexpression leads to a G1 arrest and an increase in apoptosis, which can be attributed to the 
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upregulation of p53 target genes such as p21 and CD95. Both biological effects became better evident 

when DNA damage was introduced to boost the impact of p53 on cell fate. Together, these results 

support the conjecture that miR-661 may function as a tumor suppressor miR, which is in correlation 

with Reddy et al, who showed that miR-661 downregulates MTA1 and that this miR is downregulated 

during tumor progression60. 

In the future it will be interesting to evaluate the effects of downregulation of endogenous  miR-661  

in cancer and normal cells. In addition, it will be important to apply more definitive approaches 

towards proving that MDM2 and MDM4 mRNAs are direct targets of miR-661. This might be 

obtained by inserting the putative miR-661 into a suitable luciferase reporter, and particularly by 

performing pull-down experiments to demonstrate a physical interaction between miR-661 and these 

two mRNAs. Identification of additional miR-661 targets is also important in order to understand in 

full the molecular mechanisms underlying its biological effects. 

 

This thesis thus connects between two seemingly separate areas – Alus in the human genome and 

regulation by miR of the p53 pathwayParticularly interesting is my observation that most of the target 

sequences for miR-661 and miR-339-5p in MDM2 and MDM4 are contained within Alus. More 

specifically, miR-661 overexpression has a strong effect on MDM2 levels; of note, MDM2 mRNA 

has 3 predicted targets for miR-661, all residing within Alus. Such result implies that the conclusion 

that targets within Alus are nonfunctional may have very interesting exceptions. It will be very 

interesting to find out how particular mRNAs become escape the generally applied masking of its 

Alu-contained miR sites. For example, do they have unusually “loose” secondary structure in the 

target region as compared to other Alus? Are there specific proteins that bind to those mRNA and 

open up the secondary structure? Or perhaps efficacy is achieved through the presence of multiple 

miR binding sites within Alus in the same mRNA (as is the case for both MDM2 and MDM4 mRNA), 

each of which is not functional on its own but can contribute through cooperativity of those multiple 

sites? Lastly, it is noteworthy that since Alus exist only in primate genomes, such regulation of targets 

within Alus is by definition primate-specific. This means that the relationship between miR-661 and 

MDM2 is evolutionarily new. Since the p53 pathway is highly conserved in mammals, it is surprising 

to see a regulation that is primate-specific. This may imply that, as part of the improved anti-cancer 

defense in relatively long-lived organisms such as primates, the p53 network has been expanded to 
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incorporate new regulatory components and perhaps even new regulatory principles, which extend 

the versatility and sensitivity of this network. 
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