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ABSTRACT 

 

DEVELOPMENT AND OPTIMIZATION OF NOVEL TOOLS FOR EXPLORING 

RNA-BASED CELL-CELL COMMUNICATION. 

Cindy T. Duong, M.S. 

George Mason University, 2015 

Thesis Director: Dr. Claudius Mueller 

 

Cells communicate by sending and receiving messages that are necessary to carry 

out essential functions. In cancer, this intricate signaling network of interactions may help 

tumor cells develop resistance to treatment that could potentially lead to patient death. 

There are currently no available tools to observe how tumor cells communicate in vivo. 

Here, we developed two tools to visualize RNA-based cell-cell communication, using 

hybridization chain reactions (HCR) to kill cells that communicate and a Cre-lox gene 

construct to cause communicating cells to fluoresce. 

HCR that exhibited strong polymerization was based on hairpin 1 and 2 (H1/2) 

loop, stem, toe and overall length, as well as trigger oligonucleotide concentration. 

However, transfection with HCR components including and excluding a trigger 

oligonucleotide induced cell death. Plasmids containing targeted HCR component 

sequences flanked by a 5’-hammerhead ribozyme (HHR) and a 3’-Hepatitis Delta Virus 

(HDV) ribozyme were created to enable endogenous production of HCR components in 
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cells. In vitro transcription of plasmids indicated ribozyme cleavage and release of 

target RNA. The H1, H2, and I RNA produced after transcribing the individual plasmids 

yielded HCR.  

 Plasmids containing Cre recombinase, ribozyme, LoxP-STOP-LoxP, and green 

fluorescent protein (GFP) were created to permanently record cell-cell communication. 

The original gene construct with the start codon (ATG) in front of GFP caused strong 

false positive fluorescence in cells, while repositioning the ATG in front of LoxP-STOP-

LoxP showed a dramatic decrease in fluorescence. To further reduce background 

fluorescence, a new plasmid was built with HHR at both the 5’- and 3’-end of Cre to 

ensure Cre gets cleaved and not made into a protein. Inhibitors complementary to the 

stemloops of each HHR were predicted in silico and tested, resulting in one candidate 

displaying ribozyme cleavage inhibition.  

Our studies demonstrate the ability of the HCR mechanism to mediate cell death 

in cultured human cancer cells. We further developed a Cre recombinase gene construct 

flanked by two ribozymes that can be specifically inhibited using a short trigger 

oligonucleotide. Both technologies show promise to become critical tools for visualizing 

RNA-based cell-cell communication and will be developed further in the future. 
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I. INTRODUCTION 

 

Chapter 1: Cell-Cell Communication: 

A study of cell-cell communication focuses on how cells send and receive 

messages necessary for them to carry out essential functions. Through communication, 

cells can establish a tissue, a framework that enables them to work together.  In every 

tissue, cells are engaged in an intricate network of interactions that define biological 

systems, from plants to animals to bacterial communities. Plant cells cooperate during 

development1 and operate as a unit to release hormones that enable the plant to orient 

itself towards sunlight, while bacterial cells may form biofilms that increase their 

resistance to antibiotics2-5. Cancer cells also communicate with one another, and with 

several kinds of stromal cells, to acquire a specific biological phenotype6-13. However, 

our knowledge of how this communication network is organized is critically limited 

because we lack tools to observe and study direct cell-cell communication in vivo.  

To address this critical need, we have worked on developing two tools that 

observe and record RNA-based cell-cell communication, using a small non-coding RNA 

(ncRNA) as signal messenger between cells. Various types of RNA have emerged as a 

critical and versatile way for cells to communicate and directly influence protein 

expression in other cells. RNA molecules can pass from cell to cell as cargo of 
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microvesicles14, bound to proteins or lipids15-16, or through gap junctions17-18. In 

our first approach, we developed a concept whereby a donor cell expresses and shares a 

trigger ncRNA (I) with a receiver cell. This initiates a hybridization chain reaction (HCR) 

in the receiver cell that induces cell death. Our second goal was to develop a reporter that 

would cause cells to fluoresce permanently following communication, creating a visible 

snapshot of which cell received communication in the past. A ribozyme within this 

reporter construct acts as an on/off switch, regulated by the shared trigger RNA. If the 

trigger RNA inhibits the ribozyme, the ribozyme causes the receiving cell to permanently 

express green fluorescent protein (GFP), allowing the observation and counting of cells 

that have received RNA-based communication from specific donor cells in the past.  
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Chapter 2: Ribozymes 

Ribozymes are RNA molecules that have self-processing capacity. Because of 

their ability to cleave specific sites within a RNA molecule, they may be employed to (a) 

release specific RNA sequences, and (b) act as an ON/OFF switch for gene expression. 

Because of sequence requirements and their specific cleavage properties, we chose to use 

the hammerhead ribozyme (HHR) and hepatitis delta virus (HDV) ribozyme in our 

constructs. 

Hammerhead ribozymes (HHR) were initially discovered in satellite RNAs of 

small viruses in 1986 for their ability to self-cleave19. The sequence required for 

enzymatic activity consists of three stem regions and a central core that is highly 

conserved20. The hammerhead ribozyme catalyzes and cuts between the guanine and 

cytosine nucleotides for the 5’HHR and cut between the guanine and uracil for the 

3’HHR.  

The Hepatitis delta virus (HDV) ribozyme was discovered within the single-

strained RNA of the hepatitis delta virus. This RNA contains self-cleaving activity that is 

required for replication of the viral RNA21. The HDV ribozyme cleaves after any 

nucleotide other than guanine22. Not having any sequence constrains 5’ of the cleavage 

site makes HDV ribozyme a versatile tool for the creation of synthetic biological 

constructs.  
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Incorporating a HHR at the 5’-end of a target transcript and the HDV ribozyme at 

the 3’-end position22 allowed us to release very specific target RNA molecules from 

plasmids with nearly no restriction on target RNA sequence. This property of the 

construct was essential because hybridization chain reactions require specific RNA 

sequences with no room for variation at either the 5’ or 3’ end. It should be noted that the 

ribozymes have been used for similar purposes before23-24. Furthermore, misfolding of 

ribozymes with the aid of complementary oligonucleotides is known to turn them into 

efficient ON/OFF switch for downstream protein expression25. In this work, we 

employed this property of ribozymes for the development of constructs that cause cells to 

fluoresce when receiving a trigger RNA.  
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Chapter 3: Development of RNA Oligonucleotides that Perform 

Hybridization Chain Reactions in Live Cells: 

 

In our first approach to study and visualize RNA-based cell-cell communication, 

the hybridization chain reactions (HCR) technology was employed. HCR components 

include two semi-stable, complementary non-coding RNA molecules, Hairpin 1 (H1) and 

Hairpin 2 (H2), and a small trigger RNA (I). Each HCR hairpin contains a long stem and 

a short loop and toe26. Without the trigger RNA present, H1 and H2 are stable and do not 

hybridize with one another (Figure 1A). Hybridization of the trigger RNA to the toe and 

part of the stem of H1 opens and exposes the rest of H1 for further hybridization. Newly 

exposed part of H1 hybridizes to the toe and stem of H2, which leads to exposition of the 

end of H2 that binds and opens another H1 molecule, thus, propagating a chain reaction 

of hybridization events between the two hairpins to form a long, double-stranded RNA 

(dsRNA)26 (Figure 1 B).  

Within the cell, the formation of dsRNA stimulates the innate immune system, 

leading to the activation of protein kinase R (PKR). PKR contains two domains: an N-

terminal dsRNA binding domain and a C-terminal kinase domain. PKR plays an 

important part in protecting mammalian cells against viral infection27-29. When activated 

by double-stranded RNA, PKR inhibits protein synthesis and induces apoptosis. In our 

system, receiver cells that express double stranded complexes of H1 and H2 would, 

therefore, die following communication with donor cells expressing the trigger RNA 

(Figure 2).  
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Figure 1: Mechanism of hybridization chain reactions. (A) Hairpin 1 (H1) and hairpin 2 (H2) are stable in the 

absence of trigger RNA (no HCR). (B) In the presence of a trigger RNA, H1 will bind the trigger and unfold. 

This permits the subsequent unfolding and hybridization of H1 and H2 hairpins to each other, resulting in long 

strands of double-stranded RNA. 
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Donor Cell Receiver Cell 

 
 

Figure 2: A donor cell shares a trigger RNA with a receiver cell, initiating HCR. The resulting double-stranded 

RNA within the receiver cell activates protein kinas R (PKR), that, in turn, induces apoptosis in the receiver cell.  
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Chapter 4: Development of Gene Construct That Causes Cells to 

Fluorescence upon Receipt of a Trigger RNA: 

 

In our second approach to visualize RNA-based cell-cell communication, we 

developed a reporter that induces permanent fluorescence following the receipt of a 

specific trigger RNA. This RNA-based cell-cell communication technology causes cells 

to fluoresce permanently following the receipt of a specific trigger RNA. The receiving 

cell contains a Cre-recombinase-ribozyme-LoxP-STOP-LoxP-green fluorescent protein 

construct (Figure 3). Within this construct, there is a ribozyme capable of cleaving 

specific locations within the RNA sequence, therefore destabilizing Cre recombinase 

mRNA and inhibiting Cre expression. Cre catalyzes the recombination of DNA between 

specific sites called loxP sequences, which contain binding locations for Cre. In our gene 

construct, a stop codon is inserted between two loxP sites in front of green fluorescent 

protein (GFP) 30. GFP is a protein that exhibits bright green fluorescence when exposed to 

light in the blue to ultraviolet range.  

Communication is established between donor cells and receiver cells upon receipt 

of the donor trigger ncRNA. Once accepted by the receiver cells, the trigger RNA binds 

to the ribozyme stemloop and causes the ribozyme to misfold, suppressing ribozyme 

activity. As a result, the ribozyme in the gene construct is unable to cleave Cre messenger 

RNA. Once the ribozyme is inactivated and no longer cleaving, Cre protein is expressed. 

This leads to the permanent removal of the stop codon located in front of the green 

fluorescent protein. Therefore, GFP will be expressed, enabling us to visualize and count 
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the cells that have received RNA-based communication from donor cells in the past 

(Figure 4).  

 

 

 

Figure 3: Gene construct containing Cre recombinase, ribozyme, loxP/STOP sites and green fluorescent protein 

for permanently marking cells receiving RNA-based communication. 
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Donor Cell Receiver Cell 
A. 

 
B. 

           
 

Figure 4: Mechanism of permanently recording RNA-based cell-cell communication. (A) Receiving a trigger 

RNA will aid in misfolding the ribozyme, precluding the ribozyme-guided cleaving of Cre. Hence, Cre 

recombinase will be active, resulting in the removal of lox-STOP-lox and leading to green florescent protein 

expression. (B) When communication is nonexistent between the donor and receiver cell, no trigger RNA is 

shared and the ribozyme will continue to destabilize Cre mRNA.  
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II. MATERIALS AND METHODS 

 

Gel Electrophoresis: 

Either 0.7%, 1.5%, or 2% agarose gels (depending on the size of desired sample) 

containing 0.1 µl of ethidium bromide per ml of gel volume were prepared using TBE 

buffer (Thermo Fisher Scientific, Inc., Waltham, MA), low-melting agarose and 

diethylpyrocarbonate treated water. Agarose gels were ran at 100 V for 45 minutes and 

visualized under ultraviolet light.  Native and denaturing polyacrylamide gels that were 

purchased precast (Thermo Fisher Scientific, Inc., Waltham, MA) and run at 150 V for 45 

minutes in 1xTBE, stained for 30 minutes in a solution containing 0.1 µl of SYBR Gold 

per ml of TBE buffer, and viewed under ultraviolet light.  

Hybridization Chain Reaction: 

Oligonucleotide sets that were developed to perform hybridization chain reaction 

were generated using an in-house developed bioinformatics software. Oligos were 

custom made by Thermo Fisher Scientific (Waltham, MA) or Integrated DNA 

Technologies (Coralville, IA). Selected sets of hairpin 1, hairpin 2, and trigger DNA were 

combined in a 2:2:1 ratio in a test tube. The reaction mixes were incubated for one hour 

at 37°C in reaction buffer made with 50 mM Na2HPO4 and 0.5 M NaCl26. Optimally 
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reacting H1, H2, and I oligonucleotides were transcribed to RNA and transfected 

into cancer cell lines to observe induction of cell death.  

Cell Culturing and Reagents: 

Human prostate cancer PC-3 (ATCC® CRL-1435™) were maintained in F-12K 

culture medium, mouse breast cancer 4T1 (ATCC® CRL2539™) were kept in RPMI-

1640 medium, and human glioblastoma cells U-87 MG (ATCC® HTB14™) were grown 

in MEM medium (Gibco/Invitrogen). The complete growth medium were supplemented 

in each case with fetal bovine serum (FBS) to a final concentration of 10%. Cells were 

kept at 37°C and 5% CO2. After cultivation, cells were detached with 0.05% 

trypsin/0.02% EDTA (ATCC) and washed with PBS.  

Cell Transfection: 

Cells were transfected using either Lipofectamine 3000, Oligofectamine (Thermo 

Fisher Scientific, Inc., Waltham, MA), or Xfect Transfection Reagent (Clontech 

Laboratories, Mountain View, CA) according to manufacturer recommendations. The 

respective transfection complexes were added to cells at about 50% confluency.  
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RNA/DNA Extraction: 

Total RNA was extracted using the Quick-RNA™ MicroPrep Kit (Zymo 

Research, Irvine, CA) following the manufacturer’s recommendations. In short, RNA 

was extracted by adding 2 volumes of buffer/ethanol to the sample. The mixture was 

transferred to a Zymo-Spin™ Column and centrifuged for 30 seconds. 400 µl of RNA 

Prep Buffer was added to the column and centrifuged for 30 seconds. Next, 700 µl RNA 

Wash Buffer was added to the column and centrifuged for 30 seconds. The columns were 

placed in an RNase-free tube and 15 µl of DNase/RNase-Free Water was used to elute 

the RNA. 

The DNA Clean & Concentrator™ kit (Zymo Research, Irvine, CA) was used to 

extract DNA. The DNA sample was mixed with 3 volumes of DNA Binding Buffer and 

transferred into a Zymo-Spin™ Column and centrifuged for 30 seconds. 200 µl of DNA 

Wash Buffer were then added to the column and centrifuged for 30 seconds. The wash 

step was repeated to ensure complete removal of the wash buffer. A total of 6 µl of DNA 

Elution Buffer were added to the column matrix and incubated at room temperature for 

one minute. The columns were then transferred to a 1.5 ml microcentrifuge tube and 

centrifuged for 30 seconds to elute the DNA.  
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Cell Counts: 

The alamarBlue® Assay from Thermo Fisher Scientific Inc. (Waltham, MA) was 

used to estimate cell viability. In short, 10 µl of alamarBlue were added per 100 µl of 

media to each well of a clear, flat bottom microplate. Following incubation for three 

hours fluorescence was analyzed at 570/585 nm excitation/emission wavelengths. 

Restriction Digestion of Plasmid DNA: 

Restriction enzymes and buffer were purchased from New England Biolabs 

(Ipswich, MA) and mixed gently according to manufacturer recommendations with 

template DNA before incubation at 37°C for 1 hour.  

Transcription: 

Transcription was carried out using the MAXIscript® SP6 Transcription Kit and 

MAXIscript® T7 Kit from Applied Biosciences (Foster City, CA), according to the 

manufacturer’s protocol. The components of the reaction included nuclease-free water, 

DNA template, 10x Transcription Buffer, ATP, CTP, GTP, UTP, and enzyme mix (T7 or 

SP6). The solutions were mixed thoroughly and incubated for 5 minutes to 4 hours, 

depending on the respective experiment, at 37˚C. Next, 1 µl TURBO DNase was added 

to the solution incubation extended at 37˚C for 15 minutes. To stop the reaction, 1 µl of 

0.5 M EDTA were added to each sample. 
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Plasmid Vectors:  

The plasmid vectors used for all experiments were either pcDNA3.1(-) (Thermo 

Fisher Scientific, Inc., Waltham, MA) or the Tet-One™ Inducible Expression System 

(Clontech Laboratories, Mountain View, CA).  

Cloning: 

Cloning was performed using the In-Fusion® HD Cloning Kit (Clontech 

Laboratories, Mountain View, CA). Unpurified PCR products were treated with Cloning 

Enhancer and incubated at 37°C for 15 minutes, followed by 80°C for 15 minutes in a 

PCR thermal cycler. The In-Fusion cloning reaction mixture was incubated for 15 

minutes at 50°C, then placed on ice. Transformation was accomplished using Stellar 

Competent cells. 50 µl of cells were placed into a 14 ml round-bottom tube. No more 

than 5 µl of In-Fusion-cloning reaction were added to 14 ml tube containing the cells. 

This mixture was placed on ice for 30 minutes, heat shocked at 42°C for 45 seconds and 

placed on ice again for 2 minutes. SOC medium was added to bring the final volume of 

the mixture to 500 µl. The mixture was incubated by shaking (225 rpm) for 1 hour at 

37°C. The transformation reaction was diluted according to the desired concentration 

with LB broth (1:100, 1:20, 1:5, concentrated plate) and the mixture spread on plates 

containing 50 µg/ml ampicillin in agar. The plates were incubated overnight at 37°C. The 

following day, isolated colonies were picked and swirled in 100 ml LB broth containing 

25 µg/ml ampicillin and incubate 37°C overnight.  

http://www.clontech.com/xxclt_ibcGetAttachment.jsp?cItemId=17497
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Concentration measurements: 

The concentrations of RNA and DNA samples were measured using the Qubit™ 

fluorometric quantitation from Thermo Fisher Scientific (Waltham, MA), with the 

instrument at room temperature (22-28°C). The mixture was incubated in clear PCR 

tubes for 2 minutes. For each measurement, the Qubit was first calibrated using the 

appropriate standards before measuring sample concentrations.  

Gel images were taken using a FluorChemTM R system imager from Protein 

Simple (San Jose, CA) at a wavelength of 593 nm. The detected bands were quantified 

using Fiji31. Fluorescence microscopy was performed using an Olympus microscope with 

a FITC filter option (Olympus America Inc., Center Valley, PA).  
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III RESULTS AND DISCUSSION 

 

Development of RNA Oligonucleotides that Perform Hybridization 

Chain Reactions in Live Cells: 

 

Ten candidate sets of oligonucleotides with different combinations of trigger and 

hairpin lengths (Table 1) were tested in hybridization chain reaction (HCR). During the 

selection process, DNA oligonucleotides were utilized, as DNA is less expensive 

compared to RNA, while having similar hybridization characteristics. Reactions were 

performed with a 2:2:1 ratio of hairpin 1, hairpin 2, and trigger DNA. The candidates 

were combined in a test tube and incubated at 37ºC for 1 hour in reaction (50 mM 

Na2HPO4 and 0.5 M NaCl10). Strongest polymerization (indicating a successful HCR) 

was observed in sets 6, 9, and 10 with hairpin sites of trigger, stem, loop, and toe that are 

typically larger in length (Table 1, Figure 5). HCR production was reduced with trigger 

oligonucleotide lengths less than 20 base pairs (bp) and stems with lengths less than 14 

bp. Oligonucleotide sets 1, 2, and 3, with very short trigger, stem, and loop lengths 

showed no polymerization (Figure 5, Table 1).  
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Table 1: Size parameters (stem, loop, toe) 

of ten trigger, hairpin 1 and hairpin 2 

DNA oligonucleotides sets. 

Hybridization Chain Reaction DNA 

Candidates 

Set Trigger 

[bp] 

Hairpin 1 and 2 

Stem 

[bp] 

Loop 

[bp] 

Toe 

[bp] 

1 10 6 4 4 

2 10 6 4 4 

3 10 6 4 4 

4 20 16 4 4 

5 20 16 4 4 

6 20 14 6 6 

7 18 14 4 4 

8 18 14 4 4 

9 24 18 6 6 

10 24 18 6 6 

Hybridization Chain Reaction Products for DNA Candidate 

Sets 

 

Figure 5: Hybridization chain reaction products for hairpin 1, 

hairpin 2, and trigger DNA candidate sets (see Table 1). 

 

 

 

Once candidates that yielded efficient hybridization chain reaction were 

identified, the effect of different reaction buffers and trigger concentrations were tested 

on the selected sets (4, 5, 6, 7, and 8). Buffer A contained 50 mM Na2HPO4 and 0.5 M 

NaCl26. Buffer B consisted of 20 mM Hepes pH 7.5, 4 mM MgCl2 and 100 mM KCl32. A 

total of 20 combinations of different sets, reaction buffers, and trigger concentrations 

were tested (Table 2). The two native polyacrylamide gels in Figure 6 demonstrate strong 

HCR in sets that contained buffer A. Equally important, higher trigger concentration (0.4 

µM) resulted in greater polymerization while lower trigger concentration (0.04 µM) lead 

to reduced HCR. Finally, we showed that hairpin 1 and 2 when combined together do not 



19 
 

hybridize in the presence of limited trigger concentration. We conclude that the presence 

of a high trigger concentration is necessary for successful HCR.   

 

 

 

Table 2: Sample of twenty HCR reactions 

with different trigger concentrations (low = 

0.04 µM, high = 0.4 µM) and buffers (for set 

parameters see Table 1). 

Hybridization Chain Rection DNA 

Sets with Buffer A or B 

Reaction 

Number 

Set Buffer 

Type 

Trigger 

Concentration 

[µM] 

1 4 A 0.4  

2 4 A 0.04  

3 4 B 0.4  

4 4 B 0.04  

5 5 A 0.4  

6 5 A 0.04  

7 5 B 0.4  

8 5 B 0.04  

9 6 A 0.4  

10 6 A 0.04  

11 6 B 0.4  

12 6 B 0.04  

13 7 A 0.4  

14 7 A 0.04  

15 7 B 0.4  

16 7 B 0.04  

17 8 A 0.4  

18 8 A 0.04  

19 8 B 0.4  

20 8 B 0.04  

Effect of Trigger Concentration and Buffer Type on DNA 

Oligonucleotide Sets  

 

 

Figure 6: Hybridization chain reaction products of twenty reactions 

differing in oligonucleotide set, trigger concentration and buffer (see 

Table 2). Sets with buffer A and high trigger concentration showed 

the highest amount of DNA polymerization. 

 

A working model showing polymerization was observed using DNA 

oligonucleotides (Figure 5, 6). The next objective was to emulate the same HCR effect in 

RNA oligonucleotide sets as well as test the effect of different concentrations of buffer A 

and trigger RNA. Strongest HCR was shown in reaction 2, containing buffer A at a high 
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concentration and 0.4 µM of trigger RNA (Table 3 and Figure 7: lane 2). The experiment 

indicated that HCR can be accomplished by using RNA oligonucleotides. It is clear that 

higher buffer concentration and trigger concentration led to stronger polymerization.  
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Table 3: Combinations of buffer and trigger 

concentrations used.  

 

Hybridization Chain Rection RNA Sets 

with Buffer and trigger concentrations 

Reaction 

Number 

Reaction 

Buffer A 

Concentration 

Trigger 

Concentration 

[µM] 

1 Low 

 

0.4  

2 High  

 

0.4  

3 Low 

 

0.1  

4 High  

 

0.1  

Effect of Trigger Concentration and Buffer Type on 

RNA Oligonucleotide Sets  

 
 

Figure 7: Hybridization chain reaction products for RNA 

oligonucleotide sets (see Table 3).  

 

 

 

In prior experiments, we were able to demonstrate that HCR amplification 

proceeds in test tubes. To test whether HCR would proceed in vivo, the same HCR 

mechanism was evaluated in live cells through induced cell death. U87MG cells were 

transfected with HCR components using Lipofectamine® 3000 Reagent. Cells either 

received no treatment, transfection reagent only, H1/H2, or H1/H2/I components. Cell 

death was determined by fluorescence level where the samples were replicated 6 times in 

a 96-well plate. The average fluorescence values of transfected U87MG cells were: no 

treatment: 12,845.55, treatment with transfection reagent only: 13,517.71, H1/H2: 

5,154.88, H1/H2/I: 3,092.25 (Figure 8). Cells that received no treatment and cells treated 

with transfection reagent only had higher fluorescence as compared to H1/H2 and 
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H1/H2/I treated cells. Cells that underwent H1/H2/I transfection showed low 

fluorescence, indicating cell death. However, transfecting cells with H1 and H2 together 

should not have resulted in low fluorescence value, indicating that HCR may occur in 

absence of trigger RNA.  

 

 

 

 

Figure 8: Cell viability of U87MG cells transfected with a complete set of HCR components (H1/H2/I), only 

hairpins 1 and 2 without trigger (H1/H2), transfection reagent only or not transfected.  
 

 

A second transfection test was conducted to determine whether cell death was the 

consequence of HCR in the absence of trigger RNA, or rather due to general toxicity of 

H1 or H2 (Figure 8). Figure 9 shows the relative viability of U87MG cells that received 

either transfection reagent only, H1, H2, H1/H2, or H1/H2/I. Fluorescence values were 

calculated based on the average of samples replicated 6 times in a 96 well plate. Cells 
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that received transfection reagent only, H1, and H2 had fluorescence values of 24947.44, 

23087.94, 24006.55, respectively, which were much higher as compared to that of cells 

that received H1/H2 and H1/H2/I transfections, with respective fluorescence values of 

3057.87, 2207.32. Based on the results described above, the transfection reagent, and the 

addition of individual HCR components did not induce U87MG cell death. Individual 

transfection of H1 and H2 components caused no substantial reduction in population of 

cells, while cells transfected with H1/H2 and H1/H2/I combinations of oligonucleotides 

showed a decrease in their viability. These results suggest that interactions between H1 

and H2 may play a role in mediating cell death, and that HCR is actually occurring in 

cells containing H1/H2. 
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Figure 9: Cell viability of U87MG cells transfected with a complete set of HCR components (H1/H2/I), only 

hairpins 1 and 2 without trigger (H1/H2), only a single hairpin (H1 or H2), or only transfection reagent. 

 

 

 

In previously described HCR test tube experiments, H1 and H2 alone failed to 

polymerize. However, as soon as H1 and H2 were placed into cells, the hairpins 

interacted and formed HCR. Therefore, we hypothesized that the cell’s total RNA may 

act as a trigger for HCR formation.  In order to test this hypothesis, we extracted total 

RNA from cells and combined it with chain reaction components. Testing HCR 

efficiency in presence of total cellular RNA was performed using oligonucleotide set 6, 

because this set yielded the most efficient HCR in our previous experiments (Table 1 and 

Figure 5).  As demonstrated in Figure 10, strong polymerization was seen when 
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combining H1/H2 and I DNA (lane 1). Replacing trigger DNA with total RNA from 4T1 

(lane 2) or U87MG (lane 3) cells shorter oligonucleotide polymers, as compared to total 

RNA alone (lanes 4 and 5). This indicates that HCR formation is more efficient in the 

presence of a specific trigger oligonucleotide than in presence of total RNA, but HCR can 

also proceed when H1 and H2 components are mixed with total cellular RNA.  
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Total RNA as HCR Trigger 

 
 
Figure 10: Hybridization chain reaction products is presence of total cellular RNA  as trigger (lane 1: HCR set 6 

H1/H2/I; lane 2: H1/H2 RNA of HCR set 6 plus total RNA from 4T1 cells; lane 3: H1/H2 RNA of HCR set 6 plus 

total RNA from U87MG cells;  lanes 4 and 5: total RNA from 4T1 and U87MG cells, respectively). 
 

 

 

 

Prior transfection tests were carried out in U87MG cells. We wanted to see if 

HCR components would perform in a similar way, when transfected into 4T1 cells. Thus, 

three arms of experiment were run using 4T1 cells: not transfected, treated with 

transfection reagent only, or transfected with H1/H2/I. The average fluorescence values 

(n=6) were 25193.16, 27824.12, and 19885.24 for no treatment, transfection reagent only, 

and transfection with H1/H2/I, respectively (Figure 11). The reduced impact of HCR on 

4T1 cell viability indicates that efficiency of HCR depends on the characteristics of the 

cell line.  



27 
 

 

 

 

  

Figure 11: Cell viability of 4T1 cells transfected with a complete set of HCR components (H1/H2/I), transfection 

reagent only or not transfected. 

  

 

 

 

Up to this point, our studies were carried out either in test tubes or by transfecting 

synthetic HCR components into cells. Our next goal was to make living cells produce 

their own HCR components. In order to accomplish this, we designed the recombinant 

plasmids to produce the sequences of interest. The first of the plasmids we designed 

(Plasmid H1) contained a T7 promoter for in vitro transcription, a HHR 5’ of our 

sequence of interest (H1), and a HDV ribozyme at the 3’-end position (Figure 12). In 

addition, an in-fusion overlap was placed in front of an XhoI restriction enzyme site, 

which was necessary for successful In-Fusion Cloning. Restriction enzyme sites for XhoI 
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and HindIII were used to linearize the vector. In addition, to ensure proper folding of the 

ribozyme, a spacer was inserted in front of the HHR. Lastly, Plasmid H1 contained an 

antibiotic resistance marker for recombinant cell selection.  

 

 
Figure 12A: Plasmid H1 with a CMV promoter, T7 promoter, hammerhead ribozyme (HHR), hairpin 1 (H1), 

and hepatitis delta virus ribozyme (HDV). The construct used a pcDNA3.1(-) vector as a backbone.  

 

 
Figure 12B. Plasmid H1 insert, including hammerhead ribozyme (HHR, blue), hairpin 1 (H1, orange), and 

hepatitis delta virus ribozyme (HDV, green).  
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Once Plasmid H1 was created, three clones were selected and sent for Sanger 

DNA sequencing.   To evaluate the cleavage with ribozyme, the DNA of the plasmid H1 

(clone 1, 2, and 3) was transcribed (Table 4 and Figure 13). As shown in Figure 13, a 

product of cleavage was observed, 40 bp in size, indicating that the target sequence (H1) 

was cleaved out, and that both ribozymes cleave in proper site. However, the efficiencies 

of the cleavage for individual ribozymes were difficult to evaluate due to similarity in  

product sizes for HHR and HDV cleavage. Correct HHR cleavage would result in a 107 

bp fragment (T7 promoter to the end of HHR), while HDV cleavage would result in an 

85 bp fragment (HDV cleaved to HindIII cut site). 
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In order to separately evaluate the efficiency of each ribozyme, we compared 

native ribozyme function to mutated ribozymes. First, HDV was mutated by eliminating 

6 bp from its 3’ section, causing the ribozyme to fold differently and interrupting its 

ability to cleave. To mutate the HHR, 7 bp were removed from the catalytic core, causing 

the ribozyme to become inactive. Table 5 and Figure 14 show the expected PCR product 

size of the ribozymes and their respective mutated sequence. PCR products of H1+HDV 

were observed at 147 bp, with the mutated H1+HDV sequence at a slightly lower size 

(136 bp). The H1+HHR amplicon and its mutated sequence were observed at 119 bp and 

112 bp, respectively. However, the band that corresponds to HHR was not as strong and 

specific compared to the HDV PCR products.  

Plasmid H1: Expected Size 

Size [bp] Explanation 

235  T7 to HindIII cut site 

40 H1 (HHR/HDV 

cleaved)   

107 T7 to HHR cleaved 

85 HDV cleaved to 

HindIII cut 

125 H1 + HDV to HindIII 

cut (no HDV 

cleavage) 

 

 

Table 4: Expected size of all possible 

cleavage fragments of in vitro 

transcribed Plasmid H1.  

 

      
Figure 13: Ribozyme cleavage fragments following in vitro 

transcription of clones 1, 2 and 3 of plasmid H1. 
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Table 5: Expected amplicon 

size following PCR of H1 

plasmid. Amplicons include 

hairpin 1 (H1) and either 

wildtype or mutated 

hammerhead ribozyme (HHR) 

or hepatitis delta virus 

ribozyme (HDV). 

Ribozymes PCR Size 

Size [bp] Explanation 

147 H1 + HDV 

136 H1 + HDV 

mutated  

119 H1 + HHR 

112 H1 + HHR 

mutated  
 

 

Figure 14: Amplicons following PCR of H1 plasmid. Amplicons include 

hairpin 1 (H1) and either wildtype or mutated hammerhead ribozyme (HHR) 

or hepatitis delta virus ribozyme (HDV).  
 

 

 

 

The PCR bands were then cut from the agarose gel, cleaned, and transcribed to 

test the function of the ribozymes. As seen by the 125 bp fragment in Figure 15 and Table 

6, the efficiency of HDV cleavage and subsequent H1 release is somewhat limited. 

Nevertheless, the evidences of cleavage were clearly observed (see HDV fragment at 85 

bp and H1 fragment at 40 bp). No cleavage was detected in mutated HDV.  

Similarly, mutated HHR did not cleave, as indicated by a single 95 bp band 

(Figure 16). However, non-mutated HHR demonstrated complete cleavage with products 

at 62 bp (HHR) and 40 bp (H1) and no band at 102 bp (Table 7). Therefore, HHR was 

more efficient at cleaving and releasing our desired product compared to HDV.  
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Table 6: Expected cleavage 

fragments following in vitro 

transcription of H1 amplicons. 

Amplicons include hairpin 1 (H1) 

and either wildtype or mutated 

hepatitis delta virus ribozyme 

(HDV).  

 

HDV Function Test 

Size [bp] Explanation 

125 H1 + HDV 

119  H1 + HDV 

mutated  

85 HDV 

40  H1 

 
Figure 15: Cleavage fragments following in vitro transcription of H1 

amplicons. Amplicons include hairpin 1 (H1) and either wildtype or 

mutated hepatitis delta virus ribozyme (HDV). 

 

HHR Function Test 

Size [bp] Explanation 

102 H1 + HHR 

95  H1 + HHR 

mutated  

62 HHR 

40  H1 

 
Table 7:  Expected cleavage 

fragments following in vitro 

transcription of H1 amplicons. 

Amplicons include hairpin 1 (H1) 

and either wildtype or mutated 

hammerhead ribozyme (HHR). 
 

Figure 16: Cleavage fragments following in vitro transcription of H1 

amplicons. Amplicons include hairpin 1 (H1) and either wildtype or 

mutated hammerhead ribozyme (HHR). 
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As described above, we were able to successfully build Plasmid H1 with flanking 

ribozymes that were able to cleave and release our H1 target sequence. Therefore, we 

used a similar plasmid structure for the remaining HCR components. Figure 17 and 

Figure 18 show the schematic of the newly created plasmids, Plasmid H2 and Plasmid I. 

As in Plasmid H1, the insert in Plasmid H2 and Plasmid I included the target sequence 

flanked by a 5’ hammerhead ribozyme and a 3’ HDV ribozyme. 

 

 

 

 
Figure 17: Structure and sequence of Plasmid H2 insert, including hammerhead ribozyme (HHR, blue), hairpin 

2 (H2, orange), and hepatitis delta virus ribozyme (HDV, green).  

 
 
Figure 18. Structure and sequence of Plasmid I insert, including hammerhead ribozyme (HHR, blue), trigger 

RNA (I, red), and hepatitis delta virus ribozyme (HDV, green).  

 

 

 

 

Once Plasmid H2 and Plasmid I were created, three clones were selected and sent 

for Sanger DNA sequencing. Next, we investigated whether the newly made plasmids 

correctly released H2 and I. All three clones were in vitro transcribed and analyzed for 

ribozyme cleavage. Clone 2 demonstrated the most efficient ribozyme cleavage for both 

plasmids (Figure 19).   
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While a band at 232 bp indicated that ribozyme cleavage was not 100% efficient 

in plasmid H2, the predicted fragments at 107 bp (the length from the T7 promoter to the 

HHR cleavage site) and 85 bp (the length from HDV cleavage site to the HindIII 

restriction site) were both observed. In addition, we saw a fragment 40 bp, demonstrating 

correct release of our sequence of interest.  

Similar cleavage bands were observed for Plasmid I (Figure 19). A 209 bp 

fragment indicated that a significant portion of the plasmid was not cleaved. However, 

the presence of the desired 20 bp fragment demonstrated release of our sequence of 

interest in some cases.  
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Table 8: Expected size of all possible 

cleavage fragments of in vitro transcribed 

Plasmid H2.  

 

Table 9: Expected size of all possible 

cleavage fragments of in vitro transcribed 

Plasmid I. 

 

Plasmid I 

Size [bp] Explanation 

209 T7 to HindIII cut 

124 T7 to I end  

(no HHR cleavage) 

105 I + HDV to HindIII cut 

(no HDV cleavage)  

104 T7 to HHR cleaved    

85 HDV cleaved to HindIII cut 

20 I (HHR/HDV cleaved)     
 

Plasmid H2  

Size [bp] Explanation 

232 T7 to HindIII cut 

147 T7 to H2 end  

(no HHR cleavage) 

125 H2 + HDV to HindIII cut 

(no HDV cleavage)  

107 T7 to HHR cleaved    

85 HDV to HindIII cut 

40 H2 (HHR/HDV cleaved)     

 
Figure 19: Analysis of the self-processing capacity ribozymes 

following in vitro transcription of Plasmid H2 and Plasmid I.  

 

 

 

We demonstrated in the previous in vitro transcription tests that our target RNA 

sequences were released correctly from each plasmid. Next, we wanted to combine all 

three RNA HCR components that were cleaved from plasmids to evaluate their ability to 

polymerize. Following in vitro transcription, cleavage and separation by gel 

electrophoresis, we extracted our RNA sequences of interest (H1, H2, I), cleaned them 

and mixed them in HCR buffer. As demonstrated in Figure 20, long polymers of double-

stranded RNA were formed.  
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Figure 20: Hydribization chain reaction following combination of hairpin 1 (H1), hairpin 2 (H2) and trigger 

RNA (I) that were cleaved and released from plasmids H1, H2, and I.  

 

 

Demonstrating HCR by RNA sequences cleaved from our designed plasmids was 

a major milestone in our study. To further optimize our plasmid constructs, we replaced 

the backbone of the plasmid with a Tet-One inducible vector. This inducible system 

allowed us to control expression of our plasmid using doxycycline. In addition, we 

combined both H1 and H2 in the same plasmid, leading to an even expression ratio of the 

two hairpins. Lastly, we included EGFP in our new plasmid, which allowed us to screen 

for correctly transfected cells (Figure 21). 

 



37 
 

 
Figure 21A: Plasmid H1/H2 with EGFP (light green), hammerhead ribozyme 1 (HHR, light blue), hairpin 1 (H1, 

orange), hepatitis delta virus ribozyme (HDV, dark green), hammerhead ribozyme 2 (HHR, dark blue), hairpin 

2 (H2, brown), and hepatitis delta virus ribozyme (HDV, dark green) , and using a pTetOne vector as plasmid 

backbone.  

  

 
Figure 21B: Insert of Plasmid H1/H2: hammerhead ribozyme 1 (HHR, light blue), hairpin 1 (H1, orange), 

hepatitis delta virus ribozyme (HDV, dark green), hammerhead ribozyme 2 (HHR, dark blue), hairpin 2 (H2, 

brown), and hepatitis delta virus ribozyme (HDV, dark green)). 
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Plasmid H1/H2 was created and sent for Sanger DNA sequencing. However, 

sequencing this plasmid turned out to be not successful. This was probably caused by the 

extended sequence homology shared by H1 and H2, which could lead to incorrect 

binding of the sequencing primers. Therefore, we decided to use selected fragment 

amplification to check whether the correct components were present in our plasmid. Of 

the five clones evaluated, only clone 3 did not yield our desired products.  

On Figure 22A, the electrophoresis gel line marked “reaction 1” demonstrates the 

amplification of EGFP-specific product with band of 717 bp in size, indicating that it is 

present in Plasmid H1/H2. The band at 914 bp in reaction 2 indicates that the fragment 

including EGFP up to the first HDV is correctly represented. For reactions 3 and 4, we 

found PCR products at 1168 bp (the length from the beginning of EGFP to the second 

HDV) and at 440 bp (fragment from the end of EGFP to the second HDV). In the 

electrophoresis gel line marked “reaction 4”, the specificity of PCR reaction was low. 

This may be due to the fact that H1 and H2 share some sequence similarity, so the 

primers may attach to more than one site along the length of the insert. In conclusion, our 

desired products were present in plasmid H1/H2 and our PCR product sizes were able to 

confirm the results.   
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Table 10: Expected amplicon size of 

Plasmid H1/H2 PCR. 

 

Using PCR to Check Plasmid 

H1/H2 Components 

Size [bp]  Explanation  

717 EGFP  

914 Beginning of EGFP to 

HDV1  

1168 Beginning of EGFP to 

HDV2  

440 End of EGFP to HDV2  

 
Figure 22A: PCR product of EGFP amplification from Plasmid H1/H2 

clones 1, 2, 3, 4, 5 (see Table 10). 

 

 
Figure 22B: PCR products of Plasmid H1/H2 clones 1, 2, 3, 4, 5 (see Table 10).  

 

 

 

 

 

 

We now had an inducible plasmid that contains H1 and H2 components, and 

EGFP for easy screening of transfected cells. In a next step, we transfected PC3 cells 

with Plasmid H1/H2 and stimulated these cells with doxycycline that should, in theory, 
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induce EGFP expression and make the cells to fluoresce. Indeed, in the presence of 

doxycycline, cells transfected with plasmid H1/H2 became fluorescent (Figure 23). 

 

 

 

 

 
 

Figure 23: PC3 cells transfected with Plasmid H1/H2, and maintained in presence of doxycycline.  

Development of a Gene Constructs that Enables Cell Fluorescence upon 

Receipt of a Trigger RNA: 

 
In this Chapter, we describe the development of a second tool that allows 

recording of cell-cell communication using a trigger RNA. The original construct 

(plasmid A), contained a Cre-HHR-lox-STOP-lox-EGFP construct with a start codon 
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(ATG) immediately preceding EGFP (Figure 24A), causing strong false positive 

fluorescence in cells (Figure 27). Cells should only light-up when Cre protein is 

produced, and, therefore, the stop codon between loxP sites removed by Cre. After 

repositioning the ATG in front of the loxP-STOP-loxP site, a dramatic decrease in 

background fluorescence was observed (Figure 24B and Figure 28). 

 
 
 

 
Figure 24A: Insert of plasmid A with ATG start codon in front of GFP.  

 
Figure 24B: Insert of plasmid B with ATG start codon in front of lox-STOP-lox site. 
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Figure 24C: Plasmid B with CMV promoter (light green), Cre recombinase (orange), hammerhead ribozyme 

(HHR, blue), CMV promoter 2 (purple), lox-STOP-lox site (red), and EGFP (dark green) in a pcDNA 3.1(-) 

vector.  
 

 

 

To reposition the ATG start codon, we first amplified GFP without its start codon. We 

then used a 5’ extension of the forward primer that amplified the loxP region to precede the loxP 

site with an ATG start codon (Figure 25A). After obtaining the PCR products of correct size, the 

fragments were cut out of the gel and cleaned for in-fusion cloning. Plasmid A was digested by 
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HindIII and HpaI to remove the insert that contained incorrectly positioned ATG start codon 

(Figure 25B). 

 

 

 
 

Figure 25A: Amplicon size of loxP with ATG and 

GFP sequence without ATG for in-fusion cloning. 

 

 

 
 

Figure 25B: Double restriction enzyme digestion of 

plasmid A for in-fusing cloning. 

 

 

 

 

Following in-fusion cloning of the two inserts and the linearized plasmid, three 

clones were selected, and the plasmid DNA was extracted and sent for Sanger 

sequencing.  According to sequencing results, Clone 1 contained the correct sequence 

with a new start codon (ATG) in front of the loxP site (Figure 26); Clone 2 contained 
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some non-related sequence (not shown); Clone 3 contained the desired insert with parts 

of the loxP site missing (Figure 26). 

 

 

 

 

 
 

Figure 26: Sequence analysis of plasmid B, clones 1 and 3.  

 

 

 

 

 

As expected, cells transfected with plasmid A, with the ATG start codon 

immediately preceding GFP, showed strong false positive fluorescence (Figure 27).  On 

the other hand, in cells transfected with plasmid B, where the start codon was moved in 

front of the loxP site, a dramatic decrease in fluorescence was seen (Figure 28).  
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Figure 27: PC3 cells were transfected with Plasmid A 

(ATG start codon in front of GFP).  

 
 
Figure 28: PC3 cells were transfected with Plasmid B 

(ATG start codon in front of lox-STOP-lox site). 

 

 

 

 

However, some background fluorescence in cells transfected with plasmid B was 

evident (Figure 28). This may be due to the fact that the mechanism suppressing Cre 

expression33 was working imperfectly, causing expression of Cre to leak. Therefore, 

Plasmid C was built, with a HHR at both the 5’- and 3’-end of Cre; that was done to 

ensure that Cre messenger RNA is cleaved, and that no Cre protein is produced (Figure 

29).  
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Figure 29: : Insert of Plasmid C: hammerhead ribozyme 1 (HHR, light blue), Cre (orange), hammerhead 

ribozyme 2 (HHR, dark blue), CMV promotor 2 (purple), lox-STOP-lox site (purple), and EGFP (dark green). 
 

 

 

 

To verify the cleavage efficiency of both ribozymes, an in vitro transcription of 

plasmid C was performed. As shown in Table 11, a majority of expected product were 1 

kb in size or larger. Figure 30 confirms that the majority of the RNA fragments had a 

high molecular weight and formed a thick band above 1,000 bp. This produces some 

difficulties or subsequent analysis in gel electrophoresis, as large RNA molecules run 

slowly, and are hard to size-separate. However, the observed band above 500 bp may 

represent the 3’ HHR-to-HpaI cut site fragment. In addition, a 100-bp cleavage product 

was observed, this PCR product corresponds to the T7 promoter-to-5’ HHR fragment.  
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Table 11: Expected size of all possible cleavage 

fragments following in vitro transcription of 

Plasmid C. 

 

 

Plasmid C 

Size [bp] Explanation 

1878 T7 to HpaI cut site 

1772 Cre to HpaI cut site (no 3’HHR 

cut) 

1296 T7 to Cre end (no 5’HHR cut) 

1192 Cre 

580 3’HHR (post-Cre) to HpaI cut site 

104 T7 to 5’HHR (pre-Cre) 

 

 Figure 30: Cleavage fragments following in vitro 

transcription of Plasmid C. 

 

 

 

 

 

To evaluate the cleavage efficiency of the HHR and HDV ribozymes in greater 

detais, two two small fragments of plasmid C were amplified. Amplicon 1 had a length of 

131 bp and included the T7 promoter until the end of 5 ’HHR (Figure 31A). Amplicon 2 

started at the same site and stretched to the end of the 3’HHR, with a total length of 1363 

bp (Figure 31B).  

As shown in Figure 32, only lane 4 (clone 2) demonstrated correct 5’HHR 

cleavage, as evident by presence of bands at 106 bp and 25 bp. When analyzing cleavage 

efficiency in amplicon 2 (lanes 3, 5 and 7), we saw that again only clone 2 resulted in 

correct ribozyme cleavage. This was demonstrated by cleavage fragments of 106 bp 

(length from T7 promoter to 5’ HHR) and 65 bp (length of 3’HHR) length.  
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Figure 31A: Plasmid C, amplicon 1. Amplicon 1 contains the 5’ hammerhead ribozyme (HHR) and starts at 

the T7 promoter and ends at the beginning of Cre. The total length of amplicon 1 is 131 bp.  

 
Figure 31B: Plasmid C, amplicon 2. Amplicon 2 contains both hammerhead ribozymes (HHR) and starts at 

the T7 promoter and ends at the end of the 3’ HHR. The total length of amplicon 2 is 1362 bp.  
 

 

 

 
Table 12: Expected size of all possible cleavage 

fragments following in vitro transcription of 

amplicons 1 and 2 (see Figure 31) 

 

 

 

Expected 

cleavage 

products 

(PLASMID C 

amplicon 1) 

Size  

[bp] 

Expected 

cleavage products 

(PLASMID C 

amplicon 2) 

Size  

[bp] 

T7 to end 131 T7 to end 1362 

T7 to 5’HHR 
cut 

106 T7 to 3’HHR cut 
(no 5’HHR cut) 

1297 

5’HHR cut to 

end 

25 5’HHR cut to end 

(no 3’HHR cut) 

1256 

 

5’HHR cut to 

3’HHR cut 

1191 

T7 to 5’HHR cut 106 

3’HHR cut to end 65 

 
Figure 32: Cleavage fragments following in vitro transcription of 

amplicons 1 and 2 (see Table 12 and Figure 31) 

 

Our next step was to investigate the optimal time point at which cleavage is the 

most visible. Oversaturation of gel bands would prevent evaluation of ribozyme cleavage 
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inhibition efficiency. As demonstrated in Figure 33A, the optimal time point to observe 

differences in ribozyme cleavage was within 5 to 10 minutes. Similar results were 

observed for cleavage of both amplicons, 1 and 2 (see Figure 33B). Therefore, to observe 

the biggest effect on ribozyme cleavage, a time point between 5 to 10 minutes was 

determined to be the optimal for stopping transcription in the presence of inhibitors.  

 

 

 

 

Figure 33A: In vitro transcription time course 

of amplicon 1 (see Figure 31).  

 

Figure 33B: In vitro transcription time course of 

amplicon 2 (see Figure 31). 

 

 

 

 

To develop specific inhibitors against both ribozymes, in silico predicted 

complementary binding between ribozyme and inhibitor was evaluated experimentally.  

As shown in Figure 34, the 5’ HHR contains stemloop I, II and III and has a cleavage site 
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between nucleotides guanine and cytosine. As compared to the 5’ HHR, in 3’ HHR, the 

stemloops are rotated, with the cleavage site being between cytosine and uracil. Inhibitors 

complementary to individual stemloops of the 5’ HHR and 3’ HHR were designed 

computationally, using the Geneious bioinformatics software (Figure 35). Expected 

locations of HHR inhibition are summarized in Table 12.  

 

 
Figure 34: Structure of plasmid C 5’ hammerhead ribozyme (HHR) and 3’ HHR. 
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Figure 35A: Inhibitors complementary to stemloops of the 5’ hammerhead ribozyme of plasmid C 

(see Figure 34). 

 
Figure 35B: Inhibitors complementary to stemloops of the 3’ hammerhead ribozyme of plasmid C 

(see Figure 34). 

 

 

Inhibitor Size [bp] Expected inhibition  Location  

Inh1 (d)  12 Both HHRs  complementary to stemloop II which is equal in both 

HHRs 

Inh1 (e)  20 Both HHRs complementary to stemloop II which is equal in both 

HHRs 

Inh1 (f)  20 No inhibition  Inhibitor is not complementary to HHRs   

Inh1 (g)  40 Both HHRs complementary to stemloop II which is perfect for 5’ 

HHR and semi-perfect for 3’ HHR  

Inh2 (a)  12 3’ HHR  complementary to stemloop I in 3’ HHR 

Inh2 (b)  20 3’ HHR complementary to stemloop I in 3’ HHR 

Inh2 (c)  40 Both HHRs  

More 3’ HHR than 5’ 

HHR  

complementary to stemloop I and II which is perfect 

for 3’ HHR and semi perfect for 5’ HHR  

Inh3 (a)  12 5’ HHR   complement to stemloop III only in 5’ HHR  

Inh3 (b)  20 5’ HHR   complement to stemloop III only in 5’ HHR 

 

Table 13: Inhibitor sets and predicted location of inhibition.  
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In order to confirm the ribozyme inhibition predicted in silico, an inhibition test 

was performed using selected inhibitors. The experiments were carried out at two time 

points, 5 minutes and 15 minutes, based on the previously determined optimal cleavage 

time (Figure 33). Gel electrophoresis of the products obtained in presence of all inhibitors 

showed strong bands at 106 bp (representing cleavage of the 5’ HHR) and 65 bp 

(representing cleavage of the 3’ HHR), indicating that ribozyme inhibition was not 

achieved.  

 

 

 

 
 

Figure 36: Ribozyme clevage test of amplicon 2 (see Figure 31) following addition of selected 

inhibitors.   

 

 

 

In order to better estimate the effects of the different inhibitors, and because RNA 

transcription and cleavage happen concurrently, each band was quantified separately, 

using ImageJ and obtained figures normalized it by the total RNA concentration in each 

sample. This provides more precise estimates of cleavage by the ratios of observed 



53 
 

cleavage products to the total RNA in each line. The fold difference in cleavage 

compared to cleavage without inhibitors at either 5 minutes or 15 minutes was then 

determined (Figure 37). 

As shown in Figure 37A, the greatest inhibition of the 5’ HHR was found at 15 

minutes with inhibitor Inh1 (f). The same was true for the 3’HHR, with inhibitor Inh1 (f) 

being the most efficient. This was surprising, since inhibitor Inh1 (f) was predicted to 

have no effect and was originally included in our experiment as a negative control (Table 

12). Further experiments will be necessary to thoroughly examine the cause of the false 

in silico prediction or whether any components in the reaction mix are prohibiting proper 

inhibitor-ribozyme interaction.   
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Figure 37A: 5’ hammerhead ribozyme clevage following addtion of selected inhibitors (based on 

band intensity (see Figure 36).  

 

 

 

 
Figure 37B: 3’ hammerhead ribozyme clevage following addtion of selected inhibitors (based on 

band intensity (see Figure 36)).  
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IV CONCLUSION 

 

Our studies demonstrate the ability of the hybridization chain reaction mechanism 

to mediate cell death in cultured human cancer cells. To illustrate this, we first developed 

and optimized sets of DNA oligonucleotides that emulate RNA hybridization behavior. 

Candidates producing successful HCR were identified and results replicated using analog 

RNA oligonucleotides. Notably, test tube experiments suggested that the presence of 

trigger RNA is critical for the chain reaction between hairpin 1 and hairpin 2 to occur. 

However, transfection of cancer cells with hairpins 1 and 2 together with or without 

trigger RNA caused cell death. Further experiments revealed that the native RNA present 

in these cells is capable of acting as trigger RNA. In fact, total RNA extracted from cells 

was able to act as trigger RNA for HCR in a test tube experiments, albeit much less 

efficiently than specially designed trigger RNA. 

To address the problem of maintaining even ratios of hairpins 1 and 2 in receiver 

cells and to prohibit silencing of the transfected constructs, a plasmid was generated that 

contained hairpin 1 and 2 sequences in a Tet-One inducible vector. In addition, the 

plasmid contained EGFP was developed to allow for quick screening of transfected cells 

by fluorescence microscopy. In vitro transcription assays of the plasmid demonstrated the 

correct cleavage of hairpins 1 and 2 by flanking hammerhead and hepatitis delta virus 
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ribozymes. Prostate cancer cells transfected with this plasmid demonstrated green 

fluorescence in the presence of doxycycline, indicating efficiency of transfection. 

Further, we created a Cre recombinase gene construct, flanked by two 

hammerhead ribozymes, which can be specifically inhibited using a short trigger 

oligonucleotide. This construct also contained a loxP-STOP-loxP site followed by a GFP 

sequence, allowing for the Cre-dependent expression of GFP. In studies with a start 

codon (ATG) placed directly in front of GFP, we observed strong false positive 

fluorescence in cells. After repositioning the ATG in front of the loxP-STOP-loxP site, a 

dramatic decrease in fluorescence was observed, demonstrating that the loxP-STOP 

sequence functions correctly. In vitro transcription of this construct showed high 

efficiency of cleavage for both ribozymes, resulting in the excision and downregulation 

of Cre. 

Following the demonstration of ribozyme functioning within the gene construct, 

inhibitors were synthesized to prevent ribozyme cleavage. However, we found a 

discrepancy between in silico prediction of inhibitor-ribozyme binding and actual 

ribozyme inhibition in in vitro experiments. This suggests that the predicted in silico 

inhibitor-ribozyme binding events are not sufficient to explain inhibitor-ribozyme 

interactions in vivo. To optimize inhibitors and achieve complete inhibition of ribozyme 

cleavage, additional experimentation is required 

However, already at that stage of the optimization process, both technologies 

clearly show promise to become critical tools for visualizing RNA-based cell-cell 
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communication. Further development of both techniques will provide a means to not only 

observe and quantify RNA-based cell-cell communication in vivo, but also determine 

how dependent tumor development is on stromal cells that surrounds the cancer cells and 

embed them in their communicative milieu.  
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