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MicroRNAs (miRNAs) are a class of small noncoding RNAs that are approximately 20-22 

nucleotides in length and have a prominent role in regulating gene expression. miRNA-based 

regulation has been shown to significantly impact biological processes such as development, 

differentiation, proliferation, and stress responses. miRNA regulation is largely dictated by 

complementarity between the miRNA and its target mRNA. Perfect complementarity between 

miRNA and mRNA results in cleavage of the targeted mRNA, whereas partial complementarity 

results in translational inhibition. A specific miRNA, miR-34a, has been shown to regulate genes 

involved in cell cycle progression and apoptosis, and it is often downregulated in many cancer 

types. Given the importance of miR-34a as regulator in anti-proliferative biological networks, it is 

important to unravel its function. The goal of this thesis is to characterize miRNA:mRNA 

complementarity using synthetic biology-based engineered miRNA sensors and custom CRISPR-

based editing of miRNA targets. We experiment with HCT116, a human colorectal 

carcinoma cell line. Our experiments not only assist in understanding miRNA-mediated gene 

repression, but also aid in developing miRNA-based therapeutics. 
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CHAPTER 1 

INTRODUCTION 

1.1 microRNA’s role in cancer 

MicroRNAs (miRNAs) are a class of small noncoding RNAs that are approximately 20-22 

nucleotides in length and have a prominent role in post-transcriptional regulation of gene 

expression 1. This type of regulation has been shown to significantly impact biological processes 

such as development, differentiation, proliferation, and stress responses. miRNAs have been 

discovered in plants, animals, and viruses 2 all of which regulate gene expression via association 

with a micro-ribonucleoprotein (miRNP) complex that through sequence-specific complementary 

base pairing represses gene expression.  Accordingly, miRNAs are generally regarded as negative 

regulators of gene expression, i.e., they repress gene expression at the mRNA level by either 

enhancing mRNA degradation or by inhibiting the translation of mRNA into protein. One group 

of miRNAs, termed oncomiRs, contribute to oncogenesis by inhibiting tumor suppressor genes 

and are typically found to be upregulated in cancer cells. One of the tactics incorporated in 

treatments to silence them is by replacement of the oncomiRs with synthetic anti-miRNA antisense 

oligomer (antagomir) 3. The combination therapy, implementing the combination of miRNAs and 

chemotherapeutic agents for next-generation cancer treatment may provide synergistic effects to 

cancer patients. Indubitably, miRNA is foreordaining to play a significant role in the treatment of 

cancer. Intergenic and intragenic are the two types of miRNA promoters transcribed by RNA 

polymerase II, a multiprotein complex that catalyzes the transcription of DNA to mRNA, and RNA 

polymerase III, whose regulation is primarily tied to regulation of growth and cell cycle, 

respectively. Intergenic miRNAs are present within introns and exons of the genes that code for 
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protein as well as transcribed along with that gene in the same orientation. The evolutionary 

conserved intragenic miRNAs, present between the genes, undergoes transcription independent of 

the transcription of coding genes. The miRNAs that undergo transcription via polymerase III, 

interspersed with Alu repeats.  

 

1.2 Biogenesis of miRNA 

The biogenesis of miRNAs begins in the nucleus where RNA polymerase II 4 or III transcribes 

the miRNA to a primary miRNA (Pri-miRNA). Pri-miRNAs, containing code for one or more 

miRNA, have 5'-7-methylguanosine cap and 3' polyadenylation 5. Only the pri-miRNAs having a 

large terminal loop that can be bent easily, capable of producing 5' and 3' single-stranded RNA 

overhang and has required stem length can become a functional miRNA  6. The pri-miRNA have 

to undergo processing in order to generate a mature miRNA.  The terminal loop region controls 

microRNA processing by Drosha and Dicer 7.  

The microprocessor complex recognizes the canonical primary miRNA which looks like a 

stem-loop and cleavage of this stem loop through endonucleolytic activity generates pre-miRNA 

(precursor miRNA) which is about 60-70 nt. The pre-miRNA’s stem loop is about 30 bp along 

flanking single stranded RNA segments. The microprocessor complex consists of DROSHA and 

Di George syndrome critical region 8 gene (DGCR8) is a protein that binds double-stranded RNA. 

DROSHA and DGCR8 regulate each other forming a double negative feedback loop. DGCR8 

carboxy-terminal domain, highly conserved, binds to the middle domain of DROSHA and 

stabilizes it, while DROSHA degrades DGCR8 mRNA by cleaving the two hairpin structures 

located in the 5' UTR and the coding sequence. This whole process guarantees the tight coupling 
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of the microprocessor components 8. DROSHA processes RNA’s that have double stranded feature 

while DGCR8 recognizes the single stranded RNA-double stranded junction and DROSHA 

cleaves the pri-miRNA at a distance of 11 bp from this junction. Hence, the stem loop is isolated 

with a 3’ overhang 9. 

Exportin-5 (Exp-5) mediated nuclear export of this isolated stem loop structure with 3’ 

overhang then occurs, Exp-5 works in tandem with guanine triphosphate Ran to successfully carry 

out this exportation. Dicer in the cytoplasm recognizes the 3’ overhang and along with other 

proteins enable the formation of RNA Induced Silencing Complex (RISC). DROSHA and Dicer 

are RNase III-type enzymes belonging to the endoribonucleases group. After Dicer has cleaved 

the dsRNA, one of the strands is incorporated into an RNA induced silencing complex (RISC) by 

associating with Argonaute protein. The other strand of the duplex (passenger strand), is quickly 

degraded. The selection of the guide strand depends on the thermodynamic stability of the two 

ends of the duplex while the guide strand decides which mRNA substrate the RISC targets. The 

miRNA directs the RISC to regulate the expression of mRNA by binding to the complementary 

sequence, generally known as the seed region, at the 3’ UTR of the target mRNA.  Highly 

proliferative cancer cells have shown to adopt shorter 3’ UTRs that allow these altered genes to 

otherwise escape miRNA-mediated gene repression. Hence, the 3’ UTR plays an important role in 

the regulation of mRNA by serving as a miRNA regulating substrate 10.   

 

1.3 mRNA silencing complex 

           Repression of mRNA through miRNA is mediated by RISC (RNA-induced silencing 

complex). It can do this task in any of the three ways: Translational repression, mRNA degradation 
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or DNA elimination. The core component of this complex is the Argonaute (Ago) protein that 

consists of four important domains namely: PAZ domain in N-terminal lobe (involved in 

miRNA/siRNA binding), PIWI (P-element-Induced Wimpy testis) that is related to RNaseH 

endonucleases and functions in slicer activity, and Middle domain 11. It carries out the function of 

binding to the miRNA and positioning it in a way that facilitates the target recognition. In 

eukaryotic cell, the activation of RISC takes place when it senses dsRNA in the cytoplasm. DICER 

(RNA polymerase III) present in cytoplasm produces the Ago guide RNAs from the dsRNA. This 

processed dsRNA guides the complex to the complementary mRNA recognition through Watson-

Crick base pairing. The RISC complex has a small binding pocket that binds to the first nucleotide 

base on the 5’-end and immobilizes it. Hence the first base on the 5’end does not participate in the 

target recognition 12. On the 3’-end, the two terminal bases are held to the PAZ domain. The ends 

of the guide strand (1 base on 5’-end and 2 bases on the 3’-end) are bound to the Ago protein 

whereas 11-18 bases of the guide are mobile. Bases 2-6 of the guide forms the seed region which 

is known to be very crucial for target recognition and this region is fully exposed for nucleation 

with the target mRNA13. Target nucleotides that base pairs with 10 and 11 nucleotides of the guide 

strand serve as the cleavage point for the RISC complex 14. 

   

1.4 CDK4 as an oncogene and its role in cell cycle and cancer 

         Cells undergo an intricate process of cell division cycle, known as cell cycle, where the DNA 

is replicated to produce a new daughter cell from its parent cell. The phases involved in the cell 

cycle are series of synchronized stages: Gap1 (G1), Synthesis (S), Gap2 (G2), and mitosis. The 

parent cell is relayed from one stage to the other, and there are set of checkpoints to screen the 
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completion of critical actions that, if necessary, will delay the progression of the cell to the next 

stage. Cyclin-dependent kinases (CDK) and cyclin, a regulatory subunit, in a heterodimeric form 

act as the key regulators that governs the cell cycle transition at individual checkpoint 15. They 

phosphorylate a distinct set of substrates that enables progression of cell cycle and can be inhibited 

by INK4 and the WAF1/KIP proteins. The cells initiate DNA synthesis in G1 phase where 

CDK4/CDK6 kinases are vital and the main CDKs involved at the G1 to S phase transition are 

CDK4, CDK6, CDK2 and perhaps CDK3. Consequence of tumor associated changes include 

overexpression of CDK4/6 and cyclin with loss of CDIs (CDK kinase inhibitors) that results in 

unscheduled cell division as they regulate cell cycle in tandem. One of the available strategies to 

target CDKs is by treatment with specific inhibitors which blocks the CDK activity, but the 

problem is that the proliferative activity resumes shortly. Hence, a reliable way to target the CDKs 

is needed 16 17.  

 

1.5 CRISPR/Cas9 genome editing 

Human chromosomes consist of nearly 100,000 genes out of which approximately 21,000 

genes are protein-coding genes 18. Considered as the code for life, the ability to edit the genome 

was not only a breakthrough in the history of molecular biology but have a tremendous impact on 

medicine, agriculture, biotechnology, and basic science. 

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), was first 

discovered in 1987 by Ishino et al. The CRISPR array along with a CRISPR associated protein 

have been found to act as a microbial adaptive immune system to recognize and cleave foreign 

invading DNA 19–23. The CRISPR-Cas system is grouped into two main categories depending on 
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whether the effector complex is multimeric or monomeric. Class 1 belongs to the multimeric 

effector complexes whereas Class 2 belongs to the monomeric effector complexes. The Classes 

are further divided into six types, Type I, III, and IV belong to Class 1 systems and Type II, V, and 

VI belong to Class 2 systems. The most explored system belongs to Type II (i.e. CRISPR system 

derived from Streptococcus pyogenes).  

The process of CRISPR/Cas9 mediated DNA cleavage begins with the transcription of the 

CRISPR array consisting of the short palindromic repeats separated by regularly interspaced 

sections of unique DNA sequences termed protospacers, which are derived from previously 

captured infectious DNA. This array thus serves as a type of immunological memory that provides 

resistance to future infectious DNA that contain the same sequence. While CRISPR corresponds 

to just the repeats and spacer array, which makes up the pre-CRISPR RNA (pre-crRNA), other 

components are necessary for a functional CRISPR complex. In addition to the pre-crRNA, Type 

II CRISPR systems require a trans-activating CRISPR RNA (tracrRNA) gene to be transcribed 

and associate with the repeat region of the pre-crRNA via base pairing  24. This tracrRNA: pre-

crRNA structure then has the spacer portion trimmed down to 20 nucleotides by the RNase III 

endoribonuclease forming that active tracrRNA: crRNA structure. The tracrRNA: crRNA duplex 

next associates with the catalytically active Cas9 protein via interaction with tracrRNA: crRNA 

repeat region, thus forming the active ribonucleoprotein (RNP) RNA guided endonuclease. 

Interestingly, it was shown that synthetic fusion of the tracrRNA and crRNA via an engineered 

tetra loop creates a chimeric single guide RNA (sgRNA) 25 that can replace the original tracrRNA: 

crRNA duplex and is in fact the preferred strategy for SpCas9-mediated DNA cleavage 26.  
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Figure 1.1. Representation of CRISPR/Cas9 target recognition and target acquisition 

 

One important feature of CRISPR/Cas9 system is to distinguish the host spacer DNA from the 

invading DNA containing the same sequence. This is achieved by the recognition of the 

protospacer adjacent motif (PAM) 27,28 region that is only present downstream of the targeted 

infectious DNA and not present in the CRISPR locus 29. The SpCas9 derived CRISPR-Cas system 

recognizes a 5’-NGG PAM 30. 

SpCas9 interpolates the DNA scanning for recognition of a PAM sequence. Once the PAM is 

found, the SpCas9 unwinds the DNA preceding the PAM region for complementary base paring 
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with the spacer region 31. The region 10-12 nucleotides upstream of the PAM is known as the seed 

region and is crucial for target recognition. The Cas9 action is dependent on dual nuclease 

domains, namely the HNH nuclease domain that cleaves the target strand and the RuvC nuclease 

domain that cleaves the non-target strand of the target DNA 32 1333. Once SpCas9 recognizes the 

PAM and a target complementary to the spacer, the HNH domain and RuvC domain cleave the 

target DNA near the 3rd and 4th nucleotides upstream of the PAM. This type RNA-guided system, 

when taken out of its natural context (i.e. microbial adaptive immunity), can be used to carry out 

precise editing of DNA in human cells.  

Indeed, by targeting the SpCas9 complex to target DNA in human cells, edits can be installed 

by utilizing the cells natural DNA repair pathways 34. For example, after SpCas9 cleaves the target 

DNA, the cell will detect the double stranded break and attempt to repair it. Double-stranded 

breaks in the genome can be repaired by either through the error-prone non-homologous end 

joining (NHEJ) repair mechanism, or through the high-fidelity template-driven homology-directed 

repair (HDR) pathway. NHEJ repair works to simply rejoin the broken ends via re-ligation of the 

phosphate backbone, and in doing so cause nucleotide insertions and deletions (termed indels) at 

the site of DNA cleavage 35,36. However, the cell can use undamaged sister chromatids as template 

for the repair of the double stranded break without the introduction of mutations. Analogously, 

providing a repair template in trans to Cas9 treated cells can trick the cell into incorporating foreign 

DNA as a repair template donor. The repair template can be a double-stranded DNA or single-

stranded oligonucleotides 37. This endogenous DNA repair activity plays a pivotal role in genome 

editing of mammalian cells. 
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CHAPTER 2 

INVESTIGATING MIR-34A AND MRNA COMPLEMENTARITY 

2.1 Objective  

Dysregulated in most of the cancer cells, the master regulator of tumor suppression miR-34a 

regulates the expression of mRNA by guiding the RISC to the 3’ UTR region of the mRNA which 

has the partial complementary sites. miR-34a has an evolutionarily conserved TP53 (Tumor 

protein 53) binding site in the promoter region 38. P53 induces the transcription of miR-34a 

following DNA damage, cell cycle arrest, or apoptosis indicating indirect regulation of gene 

expression. Overexpression of CDK4 is one of the characteristics of cancer development as CDK4 

is involved in G1-S cell cycle transition phase.  P53 induces cell cycle arrest by inhibiting the 

CDK4 expression via miR-34a binding to the 3’UTR region of CDK4 mRNA 39. 

Given the importance of miR-34a as regulator in anti-proliferative biological networks, we aim 

to regulate its repressive function by changing the complementarity of a 3’UTR region comprising 

a miR-34a target. One motivation into regulating miRNA target sites stems from the fact that 

perfect complementarity between miRNA and mRNA results in cleavage of the targeted mRNA, 

whereas partial complementarity only results in translational inhibition. We hypothesize that the 

degree of miR-34a mediated repression will increase as the complementarity between the target 

mRNA and miRNA increases (or repeats). CDK4 is an experimentally validated target of miR-

34a and as a proto-oncogene it has been implicated in cancer development. Thus, we chose the 

endogenous CDK4 sequence containing the miR-34a target to begin our investigation. After 

thorough characterization of the effect of changing miRNA: mRNA complementarity in synthetic 

gene sensors, we envision installing these types of edits into the endogenous CDK4 gene using the 
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CRISPR/Cas9 genome editing tool in cultured colorectal cancer cells . Ultimately these in vitro 

experiments will not only assist in understanding miRNA-mediated gene repression to gene 

networks as a whole, but also aid in developing miRNA-based therapeutics for the treatment of 

cancer.       

 

2.2 Experimental design 

The overall experimental design is to investigate the effect of varying miRNA: mRNA base 

pairing complementarity on gene expression. We have chosen to investigate the sequence of the 

miR-34a target site contained in the 3’UTR in the cell cycle regulating gene CDK4. CDK4 is a 

proto-oncogene whose dysregulation has been shown to be a major contributor to oncogenesis.  

We first use synthetic miRNA sensors consisting of genetic fluorescent reporters that vary in 

miR-34a complementarity within the 3’UTR to test the effect of mRNA:miRNA complementarity 

on gene expression. Following characterization of the miR-34a synthetic sensors in mammalian 

cells of the, we will incorporate these edits into the 3’UTR of CDK4 and begin to characterize the 

effect increased complementarity has on cell cycle progression under various miR-34a 

perturbations. In addition to using synthetic miR-34a mimics, we aim to also augment endogenous 

miR-34a activity in edited cells and investigate if the overall transcriptomic network changes after 

enhancing miR-34a: CDK4 interactions.  
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2.3 Constructs 

2.3.1 miR-34a target constructs 

 Nine miR-34a targets are designed with varying complementarity to the miR-34a stem loop 

region (Figure 2.1, A). The sense and antisense (Primers 1-18) oligos were synthesized. The oligos 

have BamH1 and Xho1 sites on either side. The stock solution of oligos are diluted to a 

concentration of 100 pmol/µl. 

  

Figure 2.1. (A) miR-34a targets varying in complementarity. (B) Synthetic constructs that 

harbors miR-34a targets 

 

Annealing protocol was used to prepare the inserts. The annealed target was ligated into 

the digested vector, containing mKate fluorescence protein, in the ration of 4:1 at 16ºC overnight 

after undergoing buffer exchange and then transformed. Nine of such constructs for each of the 

nine miR-34a targets that varied in complementarity were built (Figure 2.1). The integrity of the 

miR-34a target was verified by Sanger sequencing. 

 

 



 

23 

2.3.2 CRISPR/SpCas9 gRNA construct 

To perform genome editing using CRISPR/SpCas9, the first and foremost step is to make 

sure that the SpCas9 protein used for the experiment is codon optimized. There are 20 amino acids 

available for protein synthesis. Out of 64, 61 codons encode these 20 amino acids and the other 3 

are stop codons, hence more than one codon encode for the same amino acid. It is shown in studies 

that for an amino acid, different organisms favor specific codons over the other even though the 

other codons encode for same amino acid. This bias has impact on the protein expression level, 

which is why codon optimization becomes very important.  

The next step is to build the gRNA that can direct the SpCas9 protein to the endogenous 

target site (i.e. CDK4 site). The gRNA sequence was chosen to be in proximity to the target site 

and having minimal off target sites. This was analyzed using online tool to design the guide 

(http://chopchop.cbu.uib.no/). We selected one gRNA for HDR (Homology Directed Repair) gene 

editing.  In order to build the construct, pCMV-hCas9 plasmid which is codon optimized for 

humans (Addgene, Catalog number: 41815) was used which was further engineered to incorporate 

mKate with a T2A linker and PEST, 105bp downstream the SpCas9 sequence. It also has a gRNA 

site along with sgRNA scaffold that are transcribed by constitutive U6 promoter (RNA polymerase 

III). The sgRNA is chimeric with engineered tetraloop that fuses the crRNA and tracrRNA. PCR 

was carried out using the same plasmid as template with primers P19 and P20 which incorporated 

the gRNA sequence. The amplicon from the first PCR reaction was used as template for the second 

PCR reaction along with primers P19 and P21 to add the rest of the scaffold (standard PCR 

protocol). This was incorporated into the plasmid that was used as template in first PCR reaction 

http://chopchop.cbu.uib.no/
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using molecular cloning techniques. The vector and insert were digested using Kpn1-HF and Xba1 

restriction enzymes and the cloning results were verified using Sanger sequencing.   

 

 

Figure 2.2. A Schematic representation of the SpCas9 function 

 

2.3.3 sgRNA-reporter constructs 

In order to test the efficiency of CRISPR/SpCas9 gRNA construct, a construct was built to 

incorporate the target sequence in the synthetic circuit. Two plasmids were used for this purpose, 

one with the PEST sequence (Plasmid 1,) and another without PEST (Plasmid 2, Evrogen #FP112). 

Both the plasmids had pCMV promoters that would produce CFP (Cyan Fluorescent Protein) 

fluorescence on transcription (Figure 2.3).  

The primers P22 and P23 containing target site were used along with plasmid 1 and plasmid 

2 as template in the separate PCR reaction. The amplicons were cloned into their respective 

plasmids using molecular cloning techniques. 
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Figure 2.3. A schematic of the sgRNA reporter construct 

 

 

Table 1. List of the oligo’s used for the experiments 

 

 

 

1X {23bp target with 1-7 bp 

complementarity to mIR-34a} 

(Endogenous) 

P1 GATCCAGTGAGCAATGGAGTGGCTGCCAC 

 

P2 TCGAGTGGCAGCCACTCCATTGCTCACTG 

 

 

 

3X {23bp target with 1-7 bp 

complementarity to mIR-34a} 

(Endogenous) 

P3 GATCCAGTGAGCAATGGAGTGGCTGCCAA 

GTGAGCAATGGAGTGGCTGCCAAGTGAGC 

AATGGAGTGGCTGCCAC 

P4 TCGAGTGGCAGCCACTCCATTGCTCACTT 

GGCAGCCACTCCATTGCTCACTTGGCAGC 

CACTCCATTGCTCACTG 

 

 

23bp target with 1-12 bp 

complementarity to mIR-34a 

P5 GATCCAGTGAGCAATGAAGACACTGCCAC 

 

P6 TCGAGTGGCAGTGTCTTCATTGCTCACTG 

 

 

23bp target with 1-15 bp 

complementarity to mIR-34a 

P7 GATCCAGTGAGCAGCTAAGACACTGCCAC 

 

P8 TCGAGTGGCAGTGTCTTAGCTGCTCACTG 

 

 

23bp target with 1-18 bp 

complementarity to mIR-34a 

P9 GATCCAGTGACCAGCTAAGACACTGCCAC 

 

P10 TCGAGTGGCAGTGTCTTAGCTGGTCACTG 

 

 P11 GATCCAGCAACCAGCTAAGACACTGCCAC 



 

26 

23bp target with 1-21 bp 

complementarity to mIR-34a 

 

P12 TCGAGTGGCAGTGTCTTAGCTGGTTGCTG 

 

 

1X {23bp target with 1-23 bp 

complementarity to mIR-34a} 

P13 GATCCAACAACCAGCTAAGACACTGCCAC 

 

P14 TCGAGTGGCAGTGTCTTAGCTGGTTGTTG 

 

 

 

2X {23bp target with 1-23 bp 

complementarity to mIR-34a} 

P15 GATCCAACAACCAGCTAAGACACTGCCAA 

ACAACCAGCTAAGACACTGCCAC 

 

P16 TCGAGTGGCAGTGTCTTAGCTGGTTGTTT 

GGCAGTGTCTTAGCTGGTTGTTG 

 

 

3X {23bp target with 1-23 bp 

complementarity to mIR-34a} 

P17 GATCCAACAACCAGCTAAGACACTGCCAA 

ACAACCAGCTAAGACACTGCCAAACAACC 

AGCTAAGACACTGCCAC 

 

P18 TCGAGTGGCAGTGTCTTAGCTGGTTGTTT 

GGCAGTGTCTTAGCTGGTTGTTTGGCAGT 

GTCTTAGCTGGTTGTTG 

 

Forward primer to build CDK4 -

gRNA 

P19 TCAGTCGACTGGATCCGGTACCAAGG 

Reverse primer 1 to build CDK4 - 

gRNA 

P20 GACTAGCCTTATTTTAACTTGCTATTTCTAGCT 
CTAAAACTTGCTCACTCCGGATTACCTCGGTGT 
TTCGTCCTTTCCACAAGATATATA 
 

Reverse primer 2 to build CDK4 - 

gRNA 

P21 GCTGGGTCTAGAAAAAAAGCACCGACTCGGTGC 
CACTTTTTCAAGTTGATAACGGACTAGCCTTAT 
TTTAACTTGCTATTTCTAGCTCTAAAACTTGCT 
CACT 
 

Forward primer to build the gRNA 

reporter 

P22 CAGTACACCGGTAGGTAATCCGGAGTGAGCAAT 
GGCGCCACCATGAGCGGGGGCGAGGAGC 

Reverse primer to build the gRNA 

reporter 

P23 TTATGATCTAGAGTCGCGGCCGCTG 

mimic miR-34a P24 UGGCAGUGUCUUAGCUGGUUGU 

Negative control mimic P25 UCACAACCUCCUAGAAAGAGUAGA 
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CHAPTER 3 

EXPERIMENTAL RESULTS 

3.1 Effect of miR-34a on miR-34a target with varying complementarity 

 The miR-34a targets with varying complementarity (Figure 3.1.a) were introduced into the 

3’UTR downstream of the fluorescent reporter gene mKate whose expression is driven by a UbC 

promoter. Additionally, a PEST tag is appended to the mKate gene in order to decrease its half-

life in the cell by enhancing its degradation. These sensor cassettes were cloned into a plasmid 

backbone and subjected to Sanger sequencing to verify the presence of the correct miRNA target 

sites.  

Next, 250 ng of these engineered plasmids containing the miR-34a targets were co-

transfected into wild type HEK293 cells (# of cells: 75,000) along with a synthetic miR-34a mimic 

and 250 ng of  a second fluorescent reporter encoding the Cyan Fluorescent Protein (CFP) gene 

that lacks miR-34a target sites as a control. Saturating concentration of 25 nM of the miR-34a 

mimic was used initially to test the responsiveness of the miR-34a sensors. Additionally, the same 

experiment was performed with co-transfection of 25 nM of a non-targeting miRNA mimic in 

replacement of the miR-34a mimic to serve as a negative control, and to observe the baseline 

expression of the sensors without exogenous miR-34a present. The cells were harvested for flow 

cytometry quantification as well as fluorescence microscopy 48 hours post-transfection. The mean 

mKate2 values were determined only for CFP-positive cells. 
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Figure 3.1. (a) Schematic representation of the miR-34a sensor constructs with varying 

complementarity (b) Plot of linear regression of the sensor output (c) mKate fluorescence of the 

miRNA sensors (* - Lost the data) 
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Figure 3.2. Microscopy images of the miR-34a sensors (a) Sensor-1 with endogenous 1X miR-34a 

target, (b) Sensor-2 with endogenous 3X miR-34a target, (c) Sensor-3 with 1-12 complementarity, 

(d) Sensor-4 with 1-15 complementarity, (e) Sensor-5 with 1-18 complementarity, (f) Sensor-6 with 

1-21 complementarity, (g) Sensor-7 with full complementarity, (c) Sensor-8 with full 

complementarity_2X, (c) Sensor-9 with full complementarity_3.    
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As observed from the analyzed flow cytometry data (Figure 3.1.b) and from the microscopy 

images (Figure 3.2), the expression of the mKate fluorescence is reduced in sensor-5 to sensor-9 

compared to their respective negative control, the affect being highest in sensor-9 (three copies of 

fully complement miR-34a target sequence). Sensor-3 which has 1-12 bases complement to the 3’ 

end of mimic miR-34a did not exhibit significant difference and sensor-4 showed a minor 

reduction in mKate fluorescence.  

As hypothesized, the sensors exhibited a decrease in the expression of mKate fluorescence 

in the presence of mimic miR-34a when compared with their respective negative controls with 

exception of sensor-1, sensor-2 and sensor-3 (Figure 3.1.a). This data gives us an insight that 

mRNA output can be modulated by changing the mRNA:miRNA complementarity. 

 

3.2 Mimic miR-34a titration 

Since the increase in miR-34a target complementarity resulted in suppression of the target 

expression by mimic miR-34, the hypothesis was that there would be an overlap between degree 

of repression and amount of mimic. Higher complementarity at one concentration of mimic should 

result in a degree of repression that is similar to a degree of repression for a higher amount of 

mimic for reduced complementarity. The experiment discussed in 3.1 was repeated for 15/23_NT, 

18/23_NT, 21/23_NT, FC_1X, FC_2X, and FC_3X sensors at different concentrations of mimic 

miR-34a ranging from 0.1 nM, 0.5 nM, 1.0 nM, 5.0 nM, 10.0 nM, and 25.0 nM (Figure 3.3). In 

this experiment, we used the baseline expression of the sensors with no miR-34a mimic (0.0 nM) 

to compare against the sensors titrated with miR-34a mimic. The cells from 42 samples were 

harvested 48 hours post-transfection for fluorescence microscopy and flow cytometry analysis. 
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Figure 3.3. Schematic representation of miR-34a construct with varying concentrations of mimic 

miR-34a 

 

The results reveal an overlap of the degree of repression on mKate fluorescence between 

the concentration of mimic and the complementarity of miRNA target (Figure 3.4). For instance, 

the response obtained with FC_1X for 10.00 nM of mimic miR-34a can be obtained for 5.00 nM 

of mimic miR-34a if the complementarity is increased to FC_2X.  

This result suggests that there is a dose-dependent response of miRNA repression that 

changes with mRNA:miRNA complementarity. Controlling the amount of miRNAs may be 

important for miRNA-based therapeutics towards regulating mRNA substrates with functional 

dose-dependent responses.  
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Figure 3.4. mKate2 fluorescent output of miR-34a sensors for miR-34a mimic concentrations 

varying from: 0.1 nM, 0.5 nM, 1.00 nM, 5.0 nM, 10.0 nM, and 25.0 nM 

 

3.3 miR-34a expression in HCT116 cells under hypoxia mimetic cobalt chloride 

 With the gained insight into the relationship between the effect of mRNA:miRNA 

complementarity and miRNA abundance on the degree of gene repression, we began to explore 

how we can begin to implement these changes into the endogenous system. As the ultimate goal 
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is to use CRISPR-based editing to modify endogenous genes, we reasoned it best to explore the 

possibility of regulating endogenous miR-34a levels.  

 

 

 

 

                                                                                            

Figure 3.5. (a) Cobalt chloride mimicking hypoxia. (b) Microscopy image of Human Colorectal 

Cancer cells 

 

Normally, hypoxia-inducible factor (HIF-alpha) protein is degraded continuously by von 

Hippel-Lindau protein (pVHL). The oxygen dependent degradation (ODD) domain is required for 

the pVHL to degrade HIF-alpha. Cobalt chloride can bind to the ODD domain, preventing the 

degradation of HIF-alpha and mimics a hypoxic state 40,41,42 (Figure 3.5.a). Under hypoxic 

conditions, TP53 upregulates a myriad of genes including inducing the expression of miR-34a. To 

induce the endogenous miR-34a expression, the HCT116 cells were treated with cobalt chloride 

(Figure 3.5.b). HCT116 cells contains a functional p53 gene. The cells were treated with 500 µM 

CoCl
2
 

Blocks interaction between 

Mimics  

Apoptosis P53 
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of cobalt chloride and incubated at 37 degrees for 72 hours. Post 72 hours of the treatment, 

apoptosis assay was performed on the cells. We quantified cell viability  via a PI and Annexin-V 

staining (Fig 3.6.a)  

                        

Figure 3.6. (a) Percentage of cell viability of HCT116 cells with and without treatment with 500 

µM CoCl2 , (b) Analyzed qPCR results depicting the fold change of miR34a, (c)  Analyzed qPCR 

results depicting the fold change of CDK4 expression in HCT116 cells when titrated with CoCl2 

 

Total RNA from cells in normoxic and hypoxic conditions was harvested to quantify the 

relative expression of endogenous miR-34a and CDK4. qPCR (Figure 4.3.1.b, 4.3.1.c) revealed 

endogenous miR-34a expression increased while CDK4 expression decreased. This experiment 

was repeated to inspect the miR-34a expression level with varying cobalt chloride concentrations. 

The concentrations of cobalt chloride were titrated at: 250 µM, 375 µM, and 500 µM. From qPCR 
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result, we observed that miR-34a expression is proportional is the concentration of CoCl2 (Figure 

3.6.b). 

 

3.4 Testing the gRNA  

After investigating the output of varying the miRNA target complementarity on gene 

expression, the next step was to incorporate these edits into an endogenous gene. In order to do so, 

the miR-34a targets with varying complementarity must be integrated into the genomic DNA at 

the precise locus thereby replacing the endogenous miR-34a target. We chose to install these edits 

using the CRISPR/Cas9 genome editing tool 34. The sgRNA targeting efficacy was investigated 

in-silico using an off-target predicting tool (http://crispr.mit.edu/), and experimentally by targeting 

a fluorescent reporter containing the sgRNA target. The sgRNA spacer sequences chosen had the 

least predicted off-target sites while still maintaining close proximity to the endogenous miR-34a 

target in order to facilitate homology directed repair (HDR). The target was placed downstream of 

the promoter of CFP and upstream of the CFP gene. 

A sgRNA reporter was engineered to test the CRISPR/Cas9 function in which the 

endogenous CDK4 miR-34a target was cloned downstream of a pCMV promoter and upstream of 

the fluorescent reporter CFP gene. Two types of reporters were built that only differed by the 

presence of a PEST tag on the CFP gene. Incorporation of the sgRNA target into both reporter 

plasmids was verified via Sanger sequencing.  

The targeting efficacy of the designed sgRNA was tested by co-transfecting mammalian 

HCT116 cells with a plasmid containing the designed sgRNA and SpCas9 along with the 

fluorescent reporters containing the endogenous CDK4 mir-34a target. 500ng of plasmid that 

http://crispr.mit.edu/
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produces the Cas9 and gRNA along with 500ng of plasmid that produces CFP was transfected in 

HCT116 cells. The cells were harvested for flow cytometry and fluorescence imaging 48 hours 

post-transfection. The results in Figure 3.7.a shows that the SpCas9 was able to cleave the CFP 

reporters with the designed sgRNA, as shown by the significant decrease in CFP signal in SpCas9 

treated cells.  

 

 

 

Figure 3.7. (a) A Schematic representation of the SpCas9 function, (b) CFP fluorescent 

normalized to mKate fluorescence of the gRNA reporter, red columns indicating the output of the 

reporter with PEST and blue columns indicating the output of the reporter without PEST. 
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CHAPTER 4 

DISCUSSION 

Cancer is a group of diseases that accounts for approximately 9.6 million deaths worldwide. 

Ironically, the cell that is fundamental biological unit of a living organism proliferates 

uncontrollably initiating tumor growth and causing threat to its own kind. miRNAs are frequently 

dysregulated in such cells implicating its importance in cellular homeostasis. The miRNA 

regulates the expression of mRNA whose seed region is complementary to the miRNA. CDK4, 

being highly active in cancer cells due to their role in G1-S cell cycle transition phase, is targeted 

by miR-34a which is activated by p53. Understanding the impact of complementarity changes 

between mimic miR-34a and miR-34a targets is important.  

Our results show that the miR-34a repression scales with degree of complementarity and 

there is convergence between miRNA:mRNA complementarity and miRNA abundance on mRNA 

repression, suggesting a dose-dependent response. qPCR results show that treating human 

colorectal cancer cells with cobalt chloride mimicked hypoxia, inducing endogenous miR-34a 

expression and lowering the expression of endogenous CDK4.  An sgRNA designed to target the 

endogenous CDK4 gene effectively targets miR-34a target site in the endogenous CDK4 gene. 

The edits were installed into the endogenous CDK4 gene using the HDR and NHEJ DNA repair 

after CRISPR/Cas9-mediated genome editing in human colorectal cancer cells. SpCas9 treated 

cells were sorted for both monoclonal and polyclonal populations, which were then further 

expanded. The next step is verifying the integrity of the SpCas9 edits via Sanger sequencing. The 

future work includes identification of any phenotypic changes in cellular activities such as cell 

cycle progression and rate of proliferation due to increased CDK4:miR-34a complementarity. 
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Importantly, these edits will allow us not only to study the degree of miR-34a mediated repression 

on endogenous CDK4 expression, but also exploit the impact of changing the weight of an edge 

and its effects on the function and stability of biological networks 34.  
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CHAPTER 5  

APPENDIX 

5.1 Cell culture 

Two cell lines were used for this project. One is HEK293 cells that were purchased from 

American Type Culture Collection (ATCC, catalog number: CRL-1573) and the other is HCT116 

wild-type. These cell lines were maintained at 37ºC with 100% humidity and 5% of CO2. 

Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, catalog number: 11965–1181) added 

with 10% Fetal Bovine Serum (FBS, Invitrogen, catalog number: 26140), 0.1 mM MEM non-

essential amino acids (Invitrogen, catalog number: 11140–050), 200 mM L-Glutamine 

(Invitrogen, catalog number: 25030081) and 0.045 units/mL of Penicillin and 0.045 units/mL of 

Streptomycin (Penicillin-Streptomycin liquid, Invitrogen, catalog number: 15140) is the media 

used to grow these cells. When the cells reach 80-90% confluency, they must be passed. This is 

done by aspirating the media and washing the adherent culture with 10 mL of PBS (Dulbecco’s 

Phosphate Buffered Saline, Mediatech, catalog number: 21-030-CM). Next, the cells are 

trypsinized with 2 mL of Trypsin-EDTA (0.25% Trypsin with EDTAX4Na, Invitrogen, catalog 

number: 25200) and quenched with 10 mL of fresh media..   

 

5.2 Fluorescence microscopy 

Post-transfection microscopy was performed. 12-well plates (Greiner Bio-One) were used 

to grow the cells (6-well or 24-well plates) in the complete medium. Olympus motorized inverted 

research microscope IX81 was used to image the cells in a precision control environmental 

chamber and Hamamatsu ORCA-03 Cooled monochrome digital camera was used to capture the 
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cell images. The filter sets (Chroma) used are ET436/20x (excitation) and ET480/40 m (emission) 

for CFP, ET560/40x (excitation) and ET630/75 m (emission) for mKate. Slidebook 5.0 was used 

to collect the data of the image and for processing purpose. The images collected in a given 

experiment set were with same exposure time and underwent same processing.  

 

5.3 Flow cytometry 

The cells were washed with PBS and trypsinized with 0.1 mL 0.25% Trypsin-EDTA at 

37°C for 3 min from 12 well/24 well plate post 48-72-hour transfection. The Trypsin-EDTA was 

further neutralized by adding 0.9 mL of fresh medium and the cell suspension was centrifuged for 

5 minutes at 1,000 RPM. The cell pellets were re-suspended in 0.5 mL PBS buffer after removing 

the supernatant. BD LSR Fortessa flow analyzer allows for the performance of multi-color flow 

cytometry assays. CFP was measured with a 445-nm laser and a 515/20 band-pass filter, and 

mKate with a 561-nm laser, 610 emission filter and 610/20 band-pass filter. The cells were 

analyzed using the same instrument. Approximately 100,000 events were collected for data 

analysis and FSC (forward scatter)/SSC (side scatter) gate was established using the un-transfected 

sample. The baseline values were set using the mKate and CFP reading from un-transfected 

HEK293 cells/ HCT116 cells. The experimental samples were run through the flow and the data 

was processed using FlowJo.     

 

5.4 General cloning protocol  

All the polymerase chain reactions (PCR) used Q5 High-Fidelity 2X Master Mix (New 

England Biolabs, catalog number: M0492) as described in the manufacturer’s protocol. The 
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oligonucleotides listed in Table 1 were ordered from Sigma Aldrich. PCR amplification, restriction 

digest (all restriction enzymes were ordered from New England Biolabs), and ligation with T4 

DNA ligase (New England Biolabs, catalog number: M0202S) was done to construct the plasmids 

used in the experiments. Gel purification and PCR purification were done using QIAquick Gel 

Extraction (catalog number: 28704) and PCR Purification kits (Qiagen, catalog number: 28104) .  

NEB 5-alpha electrocompetent Escherichia Coli (New England Biolabs, catalog number: 

C2987P) was used to perform transformation and QIAprep Spin Miniprep kit (Qiagen, catalog 

number: 27104) to perform minipreps. The final plasmid was confirmed by check digest 

(restriction enzyme digestion) and sanger sequencing. 

 

5.5 Co-Transfection (6-well) 

 2 µg of DNA is diluted and added to 200 µL of jetPRIME buffer along with 10-50 nM 

siRNA. Pipette to mix thoroughly and then add 4 µL of jetPRIME reagent that is vortexed for 5 

seconds.. The tube containing sample is incubated at room temperature for 10-15 minutes. The 

transfection mix is then added dropwise to the cells in the serum containing medium. After this, 

the plate is gently rocked back and forth and side to side.   

 

5.6 Cell seeding  

 When the cells reach 50-90% confluency, they must be passed. After passing the cells, the 

left-over media with cells is transferred into a tube. 12 µL of the sample is poured on the 

hemocytometer (Reichert, 0.1mm Deep) and cell suspension is applied to the edge of the coverslip 
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which completely fills the chamber with the sample due to capillary action. The average number 

of cells in the 5x5 grid were counted and the seeding volume was calculated. 

 

5.7 Gel electrophoresis 

 To prepare X% gel, X g of agarose is added to 100mL of 1XTBE buffer that is in the flask 

and microwave it for 2.5 minutes until the solution becomes clear. Cool the solution by placing 

the flask in 50ºC water bath for 10 minutes. Place the gel mold on the tray and make sure it is 

balanced and the screws are tightened. Then set the X lane comb (X can change according to the 

requirement) at the top end of the gel mold. Post 10 minutes add 10 µL of Ethidium Bromide 

(volume can change for small gels), swirl gently to evenly distribute it and slowly pour the cooled 

solution into the mold. 45 minutes later, 6X loading dye is added to the sample (sample (µL): 

Loading dye (µL) = 4:1). Load 5 µL of 1Kb plus ladder into one of the lanes. Load the sample into 

other lanes and run for 30-45 minutes at 100 to 130 constant voltage. 

 

 

5.8 Buffer exchange 

 Add 80 µL of d𝐻2O to the PCR product to be buffer exchanged. Transfer the whole solution 

to an Eppendorf tube. Then add 500 µL of binding buffer and transfer the entire solution into a 

spin column after mixing gently. Spin in the centrifuge for 1 minute at 13,000 RPM (Maximum 

Speed). After the spin is completed, discard the supernatant and add 750 µL of wash buffer into 

the spin column. Spin for 1 minute at 13,000 RPM and discard the supernatant. Dry spin the 

column for 1 minute at 13,000 RPM. Elution buffer of 30 µL is added to the column and kept for 
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1 minute at room temperature. Sample is eluted by spinning the column at 13,000 RPM for a 

minute. The concentration of the sample is measured using the Nanodrop machine (Unit: ng/ µL).   

 

5.9 Apoptosis assay 

 The media containing the apoptotic cells is collected from a 6-well plate since cells that 

underwent apoptosis will mostly be floating in the media. The wells containing the rest of the cells 

are washed with 1 mL of 1X PBS and the PBS is collected into the tube. The cells were trypsinized 

with 0.5 mL of trypsin and then transferred to the tube after quenching with 1 mL of complete 

growth media. Spin the tube for 5minutes at 1000 RPM and aspirate the media from the tube. The 

pellet was washed with 1X PBS in order to dissolve the pellet and then spin it for 5 minutes at 

1000 RPM. The PBS was aspirated and then the pellet was resuspended in 100 µL of 1X Annexin 

V binding buffer.1 µL of propidium iodide (Working solution of 100 µg/mL diluted with 1X PBS) 

and 5 µL of AlexaFluor 488 (From the stock tube) were added.  Both the dyes are sensitive to light 

hence this assay is carried out without lights. The cells are incubated for 15 minutes at room 

temperature. After this, 400 µL of Annexin V binding buffer is added to the tube that is places on 

ice. Flow cytometry was performed with GFP and mCherry filters. 

 

5.10 Preparing conditioned media 

 Spent media collected from cultured cells is the conditioned media that is transferred to a 

tube. 410.4 mL of DMEM, 12 mL of HEPES, 48 mL of FBS (Fetal Bovine Serum), 4.8 mL of Pen 

Strep, and 4.8 mL of NEAA (Non-essential amino acid) is mixed and filtered. 45 mL of this 
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mixture is added to 5 mL of the unfiltered conditioned media and filtered to make filtered 

conditioned media. 

 

5.11 CoCl2 induced hypoxia – titration 

 0.1 M Cobalt Chloride (Sigma Aldrich, Lot# BCBC5543V) was diluted with water to get 

the final concentrations of 500 µM, 250 µM, 100 µM, 50 µM, 25 µM, and 10 µM.  

 

5.12 Quantitative PCR Using KAPA SYBR Kit (mRNA) 

 The KAPA SYBR FAST qPCR master mic (2X) (KAPABiosystems, #KK4601) was 

thawed on ice. 0.4 µL of 10 nM forward, 0.4 µL of 10 nM reverse primer, 10 µL of KAPA SYBR 

FAST qPCR master mic (2X), and 8.2 µL of d𝐻2O was added for each reaction. Master mix of 

this was made to prepare three replicates for each sample. 19 µL of the master mix was added to 

each well in a 96-well qPCR plate followed by addition of 1 µL of diluted cDNA sample to the 

respective wells. Spin the qPCR plate with a balance in the centrifuge for 3 minutes at 1000 RPM. 

Place the qPCR plate on the thermocycler and run the PCR with the following conditions: 

95ºC for 3 minutes 

95ºC for 15 seconds   

60ºC for 30 seconds 

4ºC for forever  

 

 

 

40 Cycles 
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5.13 RNA preparation using RNeasy Kit 

1 mL out of 12 mL cell suspension is transferred into an Eppendorf tube and then spin the 

tube for 5 minutes at 1000 RPM. Remove the supernatant and resuspend the cell pellet in 350 µL 

of RLT buffer. Cells on 12-well plate contains 1 mL of solution, hence 350 µL of RLT buffer is 

directly added into each well and then the lysed cell suspension is transferred to the Eppendorf 

tubes. Mix the sample by pipetting after adding 350 µL of 70% ethanol and transfer this mixture 

to RNeasy spin column (Catalog #: 74104). Spin for 15 seconds at high speed. Add 700 µL of 

RW1 buffer after discarding the flow and spin (15 seconds at high speed). Add 500 µL of RPE 

buffer after discarding the flow and spin (15 seconds at high speed). Add 500 µL of RPE buffer 

after discarding the flow and spin (2 minutes at high speed). Transfer the spin column to a new 

Eppendorf tube and elute with 50 µL of RNase free water at high speed for a minute. RNA 

concentration is measured using Nanodrop. The setting in the Nanodrop should be set to RNA. 

100-1000 ng/µL is the expected concentration from this protocol. Store the RNA samples obtained 

in -80 ºC freezer. 

  

5.14 Reverse Transcription Using QuantiTech RT Kit 

Add 500 ng of RNA, 1 µL of gDNA wipeout buffer, and 7 µL of RNase free water into a 

PCR tube. Leave the PCR tube on PCR machine with the following conditions: 

42ºC for 2 minutes 

4ºC forever 

Take out the PCR tube and place it on ice while preparing RT master mix for each sample by 

adding 2 µL of 5X QuantiScript RT buffer, 0.5 µL of RT primer mix, and 0.5 µL QuantiScript 
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reverse transcriptase (Catalog #: 205311). Mix the master mix by tapping gently and quick spin. 

Add 3 µL of master mix into each of the PCR tube. Place the tubes on the PCR machine after 

mixing and quick spinning. PCR conditions are as follows, 

42ºC for 15 minutes 

95ºC for 3 minutes 

4ºC forever 

After this, 1 µL of PCR sample is added to 99 µL of RNase-free water (100X dilution) and spin 

quickly. The diluted cDNAs are stored at -80ºC.  

  

5.15 Transformation NEB 

 Thaw the tube containing 50 µL of NEB 5-alpha competent E. Coli cells on ice for 10 

minutes. 25 µL of these cells are transferred to Eppendorf tube which is pre-chilled. Leave the 

tubes on ice. Add 2.5 µL of the ligation reaction into each tube and flick the tubes gently 4-5 times 

to mix. The mixture is placed on ice for 30 minutes and heat shocked for exact 30 seconds at 42°C. 

Make sure not to mix the reaction and place the tubes back on ice for 2 minutes.  450 µL of SOC 

stored at room temperature is added to the mixture and incubated at 37°C for 60 minutes. The tube 

is shaking vigorously at 250 RPM while the selection plates containing antibiotic 

(Kanamycin/Ampicillin) are incubated at 37°C. After 60 minutes, mix the cells by pipetting up 

and down and then pour 200 µL of this mixture onto the selection plates and spread around. 

Incubate the Plates upside-down at 37°C overnight.  
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5.16 PCR 

5.16.1 Annealing oligo’s 

Thermocycler conditions 

• 92ºC for 2 minutes 

• Gradually cool at a decrement rate of 1ºC per cycle up to about 70 cycles and 32 

seconds/cycle. 

• 4ºC forever       

  

5.16.2 Q5 - PCR 

 Q5 mastermix/Hotstart (Catalog number: FERK9012) is thawed on ice and the 

forward and reverse primers are diluted by 1:10 using water. 1-10 ng of the desired DNA is used 

as PCR template along with 1 µL of forward primer, 1 µL of reverse primer, and 10 µL of Q5 

mastermix (The amount of water to be added is calculated for total PCR reaction volume of 20 

µL). Tap the tube containing the reaction gently and quick spin the tube in PCR centrifuge. Place 

the tubes into thermo cycler with the following conditions, 

 

98º C for 30 seconds 

98º C for 10 seconds 

58º C to 62ºC for 30 seconds 

72º C for 1kb/1min 

72ºC for 2 min 

4º C forever 

35 – 40 cycles 
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5.17 miRNA mimics 

miR-34a 

 The mimic miR-34a was ordered from QIAGEN (Catalog #: MSY0000255). Lyophilized 

synthetic miR-34a was suspended with RNase-free water for a final concentration of 20 µM. 

This stock was used for all experiments involving miRNA mimic.  

Negative control mimic 

 The negative control mimic was ordered from Dharmacon (Catalog #: MIMAT0000039) 

and is derived from cel-miR-67.  

 

5.18 Annealing protocol 

 The reaction mixture is prepared by adding 2.5 µl of sense and antisense primers (100 µM), 

2 µl of NaCl (0.5 M), Tris EDTA buffer 1X (Catalog #: 46-009-CM), and 11µl of water. The 

mixture is further diluted in the ratio 1:200. 
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SKILLS: 
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SEP 2015 – DEC 2015 

Built manual and autonomous robot with Dual Tone Multi Frequency (DTMF) and 3-axis 
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