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ABSTRACT 

 

BIOENGINEERING ARTIFICIAL CHROMOSOMES FOR THE PRODUCTION OF 
HUMAN MIRNA                                            
By: DELON ALTHERR                         
Under the Direction of DR. EDWARD PERKINS, Ph.D. 

 

Glioblastoma is a devastating disease with dismal patient outcomes. With current 

treatment options such as chemotherapy, radiation, and resection providing little hope to 

patients diagnosed with glioblastoma, research has turned to mesenchymal stem cells 

(MSCs) as a potential cellular delivery vehicle. The ability of MSCs to cross the blood 

brain barrier has increased the range of prospective treatment options available to patients 

with diseases like glioblastoma. Gene silencing through miRNA targeted therapy is one 

of the treatment options available through the utilization of MSCs. MSCs naturally 

package and secrete exosomes with miRNAs which have been shown to inhibit 

glioblastoma growth through gene silencing. Up until this point, miRNA targeted therapy 

has been limited to current gene therapy vectors and miRNA mimics. This project 

proposes an alternative to these approaches through the utilization of artificial 

chromosomes. The central hypothesis of this work is that artificial chromosomes can be 

bioengineered to produce multiple miRNAs for potential therapeutic applications. In 

order to test this hypothesis, a murine-derived artificial chromosome (platform ACE) was 

bioengineered to upregulate the expression of human miRNAs let-7b and miR124-1. The 

overall design of the project involved two major components. First was to identify a 

stable expression system for production of miRNA from the platform ACE. The second 
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component consisted of subsequent analysis of miRNA production from the platform 

ACE. Findings from this project suggest that inducible vectors are more stable in the 

production of miRNA from artificial chromosomes compared to constituently activated 

vectors. Additionally, this project reports the successful transcription of the engineered 

miRNA constructs from the platform ACE in the Chinese Hamster Ovary (CHO) 

engineering cell line. Although this study was successful in producing primary transcripts 

from the platform ACE, this project further reports the disruption of miRNA processing 

beyond the initial transcript to a mature miRNA product. This study is in support of 

previous reports that CHO cells are ineffective in the production of mature miRNA from 

non-endogenous sources. Furthermore, suggesting that production of mature miRNA 

products must occur in species specific cell lines or with species specific flanking 

segments.  

Although more research is needed in the eventual utilization of artificial 

chromosomes in the production of miRNA, this project proposes an alternative to the use 

of current gene therapy vectors and miRNA mimics. In contrast to current approaches in 

miRNA targeted therapy, artificial chromosomes are stably maintained and not limited in 

their carrying capacity. Thereby opening the door for the potential delivery of multiple 

biological anti-cancer therapeutics in one cell mediated therapy vehicle. The use of 

artificial chromosomes has a long history for the delivery of large genetic payloads as 

well as multiple anticancer therapeutics. Thus, the potential of this project will allow for 

autonomous cell mediated therapy and targeting of multiple aberrant cell processes 

common to the etiology of glioblastoma. 
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CHAPTER 1 

INTRODUCTION 

Glioblastoma 

Glioblastoma is a devastating disease with dismal patient outcomes. In the United 

States the occurrence rate of glioblastoma is 3 per 100,000 and accounts for 25% of 

malignant tumors of the nervous system (Brandes et al., 2008). Although the age 

incidence is greatest between the fifth and sixth decades, glioblastoma has been reported 

to occur from age twelve to seventy-three (Frankel & German, 1958; Stupp et al., 2005). 

Treatment options provide little hope to patients diagnosed with glioblastoma as only 

25% of patients survive up to 2 years with the current technology available (Stupp et al., 

2005). Current therapies available to glioblastoma patients include surgical resection, 

chemotherapy, and radiation therapy (Stupp et al., 2005; Wang, Liu, Xiang, Xiang, & 

Mou, 2015). The development of new therapeutics has been limited due to the inability to 

cross the blood brain barrier (BBB). 

Over the last decade research has taken strides in the characterization of miRNA 

and their role in diseases. Contributing to the tumorigenicity of glioblastoma is a 

dysregulation in miRNA expression. This dysregulation has been found to play a large 

role in the pathogenesis of glioblastoma by leading to the expression of malignant 

phenotypes (Ahir, Ozer, Engelhard, & Lakka, 2017).  As such, a new strategy being 

explored in the treatment of glioblastoma is miRNA targeted therapy, utilizing  
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mesenchymal stem cells (MSCs) as a therapeutic delivery vehicle. The use of MSCs in 

cell based therapy has led to the more effective and precise delivery of therapeutic 

molecules (Aleynik et al., 2014; Lou, Chen, Zheng, & Liu, 2017; Marofi, Vahedi, Biglari, 

Esmaeilzadeh, & Athari, 2017; Vanderbyl et al., 2004; Wang et al., 2015; F. Zhang, Xu, 

& Liu, 2015).  MSCs not only circumvent many of the limitations in the development of 

new therapeutics for glioblastoma, MSCs also present a way to target glioblastoma based 

on the pathogenesis of the disease through gene silencing therapy. 

Mesenchymal Stem Cells 

Mesenchymal stem cells are multipotent cells that can be isolated from bone 

marrow, adipose tissue, and umbilical cords (Lou et al., 2017; Wang et al., 2015). MSCs 

have become one of the most widely utilized cell types in research-based and 

experimental cell-mediated therapy (Phinney & Pittenger, 2017). MSCs have the natural 

ability to cross the BBB which has led to their exploration in the delivery of new drugs, 

anti-tumor factors, and therapeutic miRNAs. With numerous clinical trials undergoing, 

there is a wide range of potential for MSCs in targeting diseases that were once protected 

by the BBB. With that being said, MSCs present a particular importance in glioblastoma 

research as well as other neurological disorders such as multiple sclerosis, autoimmune 

encephalitis, Parkinson’s disease, Alzheimer's disease, amyotrophic lateral sclerosis, and 

Huntington’s disease (Aleynik et al., 2014).  

MSCs are advantageous due to their clinical ease of use, tumor tropism, 

autologous transplantation, and their ability to elicit a positive immune response (Aleynik 

et al., 2014; Marofi et al., 2017; F. Zhang et al., 2015).  There have been few concerns 
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associated with the use of MSCs for cell mediated delivery, among them, however, is the 

concern that MSCs have been found to differentiate into tumor associated fibroblasts 

based on the micro-environmental cues. However, this has been found to be 

circumvented through the genetic engineering of MSCs to secrete anti-tumor factors 

(Marofi et al., 2017). In addition to the benefits in utilizing MSCs, they have been found 

to possess intrinsic abilities that can be exploited in their potential use as a cell mediated 

delivery vehicle. As mentioned previous, MSCs have been found to be able to cross the 

BBB. In addition, however, they have also been found to home to tumor 

microenvironments through cytokine mediated interactions (Aleynik et al., 2014). 

 

Figure 1: Transcellular Ability of MSCs (Aleynik et al., 2014). The intra-arterial injection 
of genetically engineered MSCs to secrete interferon beta to cross the blood brain barrier 
and home to U87 cells. Intra-arterial injection of MSCs were found to successfully cross 
the BBB and home to U87 cells, while subcutaneous or intravenous administration did 
not penetrate the BBB or lead to MSC homing. 
 

 Furthermore, MSCs can secrete cytokines, growth factors, microvesicles, and 

exosomes (Phinney & Pittenger, 2017). Together with the transcellular ability of MSCs, 

this has led to the exploration of the bioengineering of mesenchymal stem cells for 

therapeutic applications. 
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Figure 2: Multidisciplinary Nature of Mesenchymal Stem Cells (Phinney & Pittenger, 
2017). Through tunneling nanotubes, MSCs have been found to donate mitochondria to 
damaged cells. They have also been found to produce and secrete various cytokines and 
growth factors. In addition, they have the ability to differentiate into various cell types. 
Lastly, MSCs have also been found to be package and secrete microvesicles and 
exosomes filled with cytokines, growth factors, proteins, RNA, and regulatory miRNAs. 

 

The ability of MSCs to package and secrete exosomes filled with miRNA has 

been widely reported (Aleynik et al., 2014; Chen et al., 2010; Lang et al., 2018; H. K. 

Lee et al., 2013; Lou et al., 2017; Marofi et al., 2017; Munoz et al., 2013; Phinney & 

Pittenger, 2017). Although various other cell types possess the ability to secrete 

exosomes, to date, MSCs are the only cell type known for their mass production of 

exosomes. Thereby making them ideal for the delivery of therapeutic exosomes (Yeo et 

al., 2013). Exosomes produced from different cell lines all share a conserved set of 

proteins and molecules such as CD81, CD63, CD9, Alix, and Tsg101, however, based on 

their cellular source, they have unique proteins as well (Yeo et al., 2013). MSC derived 

exosomes have unique adhesion molecules CD29, CD44, and CD73 which are also 

expressed on the membrane of MSCs. It has been proposed that these unique proteins and 

molecules on the membrane of exosomes are linked to the biological activities unique to 
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cell type from which they were derived (Yeo et al., 2013; Yu, Zhang, & Li, 2014). It is 

based on these principles that MSCs have been utilized as an exosome biofactory for the 

production of therapeutic miRNAs (Lang et al., 2018).  In reference to gene silencing 

therapy, the intrinsic ability of MSCs to package and secrete exosomes into tumor 

microenvironments provides promise for their potential use as therapeutic molecules. 

The Biogenesis, Cellular Uptake, and Effects of Exosomes 

Exosomes are extracellular vesicles, approximately 40-100 nm in diameter, that 

are packaged with proteins and RNA (Braicu et al., 2015; Yu et al., 2014). Exosomes 

have been reported to have roles in immune function, intercellular communication, and 

the regulation of tumor migration (Aleynik et al., 2014). Important to their roles in the 

horizontal transfer of therapeutic molecules is their biogenesis. Exosomes possess a bi-

lipid membrane with that of the same orientation of the plasma membrane (Yeo et al., 

2013). The biogenesis of exosomes begins with the invagination of the plasma membrane 

to form an early endosome. Once the early endosome matures, it forms the multivesicular 

body (MVB). Exosomes are formed inside of the MVB though a second invagination of 

the late endosomal membrane. Exosomes are then released extracellularly once the MVB 

fuses with the plasma membrane (Choi et al., 2017; Yeo et al., 2013). Fusion of the MVB 

and plasma membrane is dependent upon the endosomal sorting complex. The endosomal 

sorting complex contributes to the formation of multivesicular bodies, cargo sorting, 

fusion and release of exosomes, or their lysosomal degradation. Once exosomes have 

been successfully secreted from their originating cell, they are able to interact with their 

target cells through ligand/receptor interactions, endocytosis, phagocytosis, or fusion. 

Once the content of exosomes are inside the recipient cell, the cellular effects can range 



 
 

6 

 
 

from metabolism and signaling with lipids, signaling and transmission with proteins, 

translation of mRNA, or gene silencing through the actions of miRNA (Choi et al., 2017). 

MicroRNAs 

Among the many factors packaged into exosomes are miRNAs. miRNAs are 

noncoding RNAs ranging from 18-24 nucleotides in length that function in the post-

transcriptional modification of target genes (Aleynik et al., 2014; Oh, Hwang, & Lee, 

2013).  Principles common to the study of miRNA is cooperativity and multiplicity. 

Cooperativity as it relates to miRNA revolves around the ability of many miRNAs to be 

able to target a single mRNA. While the multiplicity of miRNA refers to the ability of a 

single miRNA to target many different mRNAs (Fischer, Handrick, Aschrafi, & Otte, 

2015). miRNAs possess the complement of the mRNAs they act upon which allows for 

specific targeting of genes and their subsequent silencing.  However, if the miRNA 

sequence is imperfect from that of the target mRNA, translational repression will occur 

rather than silencing (Hosseinahli, Aghapour, Duijf, & Baradaran, 2018; Oh et al., 2013).  

The complement sequences to which miRNA bind are most commonly located in the 3’ 

untranslated region of mRNAs (Hosseinahli et al., 2018).  

The biogenesis of miRNA begins in the nucleus with the transcription of miRNA 

genes by RNA polymerase II leading to the generation of pri-miRNA. Pri-miRNAs, 

otherwise referred to as the hairpin or stem-loop structure, interacts with the 

Drosha/DGCR8 enzymatic complex producing the pre-miRNA. Pre-miRNA are then 

exported from the nucleus and into the cytoplasm by Exportin 5. Once in the nucleus, the 

pre-miRNA interacts with the Dicer/TRBP complex to generate a 18-24 bp double 

stranded miRNA transcript. After unwinding and cleavage of the passenger stand, the 
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guide strand interacts with Argonaute proteins to form the RNA-induced silencing 

complex (Hosseinahli et al., 2018). Once miRNA has been processed, it can act as a post-

transcriptional regulator inside the cell from which it was derived, or it can be packaged 

into exosomes to act on recipient cells. miRNAs have been reported to be processed into 

exosomes via four different mechanisms; the nSmMase dependent pathway, the miRNA 

motif and sumoylated hnRNPs-dependent pathway, the 3’ miRNA sequence-dependent 

pathway, and the miRISC-related pathway (J. Zhang et al., 2015). Although it is widely 

accepted that mature miRNAs are predominately packaged into exosomes, a contrasting 

school of thought is that pre-miRNAs are predominately packaged into exosomes, 

theoretically maturing once they are inside their recipient cell (Chen et al., 2010).  

The role of miRNAs in diseases is an area of vast interest. The dysregulation of 

miRNAs is common to most cancers as well as various other diseases. As such, miRNAs 

are being increasingly explored for therapeutic applications and as biomarkers to aid in 

more efficient detection of diseases (Hosseinahli et al., 2018). The dysregulation of 

miRNAs has been reported to lead to phenotypic characteristics favorable to the etiology 

of cancer (Ahir et al., 2017). miRNAs that lead to these phenotypic changes are referred 

to as “oncomirs”. miRNAs that are downregulated in cancerous diseases are those that 

have tumor suppressive properties, while those miRNAs that are upregulated are those 

that have tumorigenic effects (Ahir et al., 2017). This dysregulation in miRNA 

expression has been reported to be potentially due to problems with miRNA processing 

machinery and epigenetic changes such as methylation (Iorio & Croce, 2012).  

Advancements in the characterization of miRNAs has led to the development of 

miRNA targeted therapy as well as the exploration of miRNAs as disease biomarkers. 
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Current miRNA targeted therapy approaches include the utilization of current gene 

therapy vectors and miRNA mimics (Hosseinahli et al., 2018). The use of current gene 

therapy vectors are associated with various risks and limitations such as genomic 

integration, chromosomal deletions, rearrangements, adverse immune system responses, 

and limited carrying capacity (Lindenbaum et al., 2004; Vanderbyl et al., 2004).  On the 

other hand, miRNA mimics have been associated with decreased bioavailability,  adverse 

immune responses, off target effects and poor uptake from targeted recipient cells 

(Hosseinahli et al., 2018).  

miRNA in Glioblastoma Research 

Along with the recent developments in the characterization of miRNA in 

countless diseases, is their recognition for potential novel therapeutic uses in 

glioblastoma. The characterization of miRNAs proposes an innovative way to identify 

new biomarkers and miRNA targeted therapeutics in the treatment of glioblastoma. 

Current research is working to identify miRNA expression profiles that characterize 

glioblastoma through various laboratory techniques such as PCR assays, next generation 

sequencing, microarrays, and in situ hybridization. The glioblastoma community has 

recently acknowledged the importance of characterizing miRNA as they relate to this 

disease in an effort to establish most effective prognosis indicators, biomarkers, and 

potential therapeutics (Ahir et al., 2017).  

 In glioblastoma, various miRNA have been found to control the Akt pathway, 

notch pathway, IKK-𝛃/NF-ᴋB pathway, IFN-ɑ signaling pathway, and EGFR signaling 

as well as lead to cell cycle arrest, apoptosis, and tumor suppression (Aleynik et al., 

2014).  The vast range of potential miRNAs and their associated wide spanning cellular 
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effects allows for the potential targeting of multiple cellular pathways against 

tumorigenesis. Current glioblastoma research has explored a variety of miRNAs as 

potential therapeutic molecules such as miR124-1, Let-7b, miR-218, miR-7, and antimiR-

9 among others (Aleynik et al., 2014; Kefas et al., 2008; Lang et al., 2018; Munoz et al., 

2013; Song et al., 2010; Tian et al., 2015; X. Zhang et al., 2017; Z. Zhang et al., 2017). 

However, miR124-1 and Let-7b have been found as the most potent anti-glioblastoma 

miRNAs across a range of glioblastoma cell lines (Lang et al., 2018). MiR124-1 has been 

shown to downregulate FOXA2, which a protein is involved in lipid metabolism. In 

glioblastoma, miR124-1 is downregulated, which leads to an increase in lipid metabolism 

favorable to cancer cells (Lang et al., 2018). In an ex vivo experiment, the upregulation of 

miR124-1 in a small animal model more than doubled the median length of survival 

(Lang et al., 2018). Additionally, through the in vivo systemic delivery of exosome 

miR124-1, histological analysis suggested 4 out of 8 mice had complete regression of 

their tumors (Lang et al., 2018).  In glioblastoma, let-7b is also downregulated, which 

leads to the upregulation of IKBKE (inhibitor of nuclear factor kappa-B kinase subunit 

epsilon) (Tian et al., 2015; Z. Zhang et al., 2017). The upregulation of IKBKE has been 

shown to confer cell growth, survival and chemoresistance (Tian et al., 2015). Let-7b has 

been found to inhibit Ras which has been shown to decrease the migration, proliferation, 

and invasion of glioblastoma cells (Goldberg & Kloog, 2006; S.-T. Lee et al., 2011; 

Nakada, Niska, Tran, McDonough, & Berens, 2005; Z. Zhang et al., 2017). 

Mammalian Artificial Chromosomes (MACs) 

           Mammalian artificial chromosomes are mammalian derived chromosomes that act 

as a supernumerary chromosome in the native cell nucleus.  In contrast to traditional 
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plasmid vectors and bacterial and yeast artificial chromosomes, mammalian artificial 

chromosomes do not require integration into the host chromosome (Lindenbaum et al., 

2004). Additionally, MACs are not limited in their carrying capacity and can be 

bioengineered for various applications such as to replace entire genomic regions, secrete 

anti-tumor factors, or produce proteins and antibodies, among others. Important 

characteristics of artificial chromosomes is that they are autonomous, stably maintained, 

non-integrating and can accommodate large DNA payloads (Lindenbaum et al., 2004; 

Vanderbyl et al., 2004). Artificial chromosomes provide a unique cellular engineering 

strategy that allows for the long-term and stable expression of bioengineered therapeutic 

products in a potentially safe and non-mutagenic format (Lindenbaum et al., 2004; 

Vanderbyl et al., 2004). MACs provide a potential alternative to the use of miRNA 

mimics and viral vectors in the delivery of therapeutic miRNAs and, thus, circumvent 

many of the limitations associated with these approaches. 

Satellite DNA-based Artificial Chromosome Expression (ACE) System 

Unique among mammalian artificial chromosomes is the platform ACE, a murine 

derived artificial chromosome. In addition to the characteristics common to artificial 

chromosomes, the platform ACE utilizes a flexible and versatile engineering strategy for 

the bioengineering of artificial chromosomes. The platform ACE is maintained in a CHO 

engineering cell line (Y29-13D-SFS) for the transfection of genetic material utilizing an 

ACE targeting vector. The ACE system utilizes site specific recombination catalyzed by 

a modified phage lambda integrase. There are more than 50 recombination sites on the 

platform ACE for the ACE targeting vector to integrate onto the artificial chromosome. 
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Essentially, the platform ACE functions as a genetic motherboard that genetic 

information can be plugged into. 

 

Figure 3. Platform ACE System and Related Components (Lindenbaum et al., 2004). 
Components on the platform ACE consist of repeats of the SV40 promoter, attP 
recombination sites, and a puromycin drug resistance marker (approximately 50 copies of 
this cassette). ACE targeting vectors all contain the attB recombination site. Aside from 
the attB recombination site, there is versatility among ACE targeting vectors such as their 
expression system, fluorescent tags and drug resistance markers. Rapid bioengineering of 
the ACE targeting vector can be achieved through recombination-based cloning 
techniques (e.g.In-Fusion cloning, NEB Inc.).  After the ACE targeting vector has been 
selected and engineered with the desired genetic material, the vector is transfected into 
the engineering cell line containing the platform ACE utilizing standard transfection 
protocols and reagents. Site-specific recombination, catalyzed by a modified phage 
lambda integrase, occurs when the attP site crosses with the attB site on the platform 
ACE and ACE targeting vector, respectively. This recombination generates two new 
sites, the attR and attL junctions. Following transfection, the attR and attL sites can be 
identified with a PCR assay to confirm loading onto the platform ACE. Additionally, 
drug resistance generated from the ACE targeting vector is utilized for selection of 
resistant clones. 
 

The bioengineered artificial chromosome can then be isolated from the 

engineering cell line and transfected into a recipient cell line. The platform ACE has been 

successfully delivered into bone derived hMSCs and subsequently confirmed with 
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fluorescent in situ hybridization. Based on the characteristics of the platform ACE and 

their ability to be maintained in human MSCs, there is vast potential in the use of the 

platform ACE in the production of therapeutic miRNAs (Lindenbaum et al., 2004). 

Artificial Chromosomes and miRNA Production 

Given the refractory nature of glioblastoma to current therapeutics, it is essential 

to employ new bioengineering approaches to improve patient outcomes associated with 

this disease. The goal of this project was to successfully engineer an artificial 

chromosome to produce the miRNAs Let-7b and miR124-1. The main purpose of this 

project was to develop a more stable therapeutic miRNA expression system in gene 

silencing therapy. Similar to current miRNA targeted therapies, the artificial chromosome 

can then be transfected and stability maintained in human MSCs, thereby exploiting the 

natural abilities of MSCs in the genetic silencing of cancerous pathways through 

therapeutic miRNA delivery.  Although the utilization of miRNA as therapeutics for 

glioblastoma is an area of widespread research, the delivery of the miRNA to 

glioblastoma cells has been limited up until this point to current gene therapy vectors and 

miRNA mimics (Ahir et al., 2017; Aleynik et al., 2014; Hosseinahli et al., 2018; Munoz 

et al., 2013). Though these efforts have undoubtedly led to significant advancements 

within the field, there are many risks and limitations associated with these approaches. 

miRNA mimics are associated with risks such as adverse immune responses, off target 

effects, limited bioavailability and poor cellular uptake while viral delivery based systems 

are associated with chromosomal deletions, rearrangements,  and adverse immune system 

responses (Hosseinahli et al., 2018; Lindenbaum et al., 2004; Vanderbyl et al., 2004).  

Artificial chromosomes circumvent many of these limitations as they are stably 
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maintained, autonomous, non-integrating, can deliver multiple factors, and are not limited 

in genetic carrying capacity (Lindenbaum et al., 2004; Vanderbyl et al., 2004). 

Alterations in multiple genetic pathways are drivers in the etiology of cancer. An 

additional benefit to the use of artificial chromosomes is that they potentially provide the 

means by which multiple pathways can be targeted and corrected. To that end, the central 

hypothesis of this project is that artificial chromosomes can be bioengineered to produce 

multiple miRNAs for potential therapeutic applications. To our knowledge, this will be 

the first time that artificial chromosomes have been bioengineered to produce miRNA. 
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CHAPTER 2 

METHODOLOGY  

All experiments throughout this project were conducted in the laboratories of 

Mercer University School of Medicine. Images in this document are presented in color. 

Cell Lines 

Y29 

Y29-13D-SFS ACE chromosome containing Chinese Hamster cells (CHO) were 

cultured in MEM Alpha media with 5% fetal bovine serum supplemented with Pen/Strep 

and glutamax (ThermoFisher Inc.). Cells were provided by Dr. Perkins, Mercer 

University School of Medicine. Cell lines were cultured utilizing the protocol previously 

described [19].  All cells prior to transfection were cultured with 5 micrograms/mL 

puromycin (Invivogen Inc.). All cultured Y29-13D-SFS cells were incubated at 37oC, 5% 

CO2). Samples were all stored down in MEM Alpha media with 5% fetal bovine serum 

supplemented with pen/strep and glutamax and 5% DMSO. 

Y29-A1 

Y29-A1 ACE chromosome containing Chinese Hamster cells (CHO) cells were 

cultured in MEM Alpha media with 5% TET approved serum supplemented with 

pen/strep and glutamax. Cells were provided by Dr. Perkins. Cell lines were cultured 

utilizing the protocol previously described [19].  All Y29-A1 cells were incubated at 

37oC. All cells prior to transfection were cultured with 5 micrograms/mL puromycin. 
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Samples were all stored down in MEM Alpha media with 5% Tet approved fetal bovine 

serum supplemented with pen/strep and glutamax and 5% DMSO. 

U87 

Human U87 glioblastoma cells were cultured in DMEM media containing 5% 

fetal bovine serum supplemented with pen/step and glutamax. After a stock of U87 cells 

was grown and stored down, U87 cells were conditioned to MEM Alpha media 

containing 5% fetal bovine serum supplemented with pen/strep and glutamax. The U87 

cells were purchased from ATCC (https://www.atcc.org/en.aspx) and cultured according 

to the provider instructions.  Samples were all stored down in DMEM media with 5% 

fetal bovine serum supplemented with Pen/Strep and glutamax and 5% DMSO. 

Conditioned U87 samples were all stored down in MEM Alpha media with 5% fetal 

bovine serum supplemented with pen/strep and glutamax and 5% DMSO. 

hMSCs 

Human Mesenchymal Stem Cells (hMSCs) were kindly provided by Dr. Cario 

Campana (St. Jude Research Hospital) and cultured in RPMI media containing 10% fetal 

bovine serum supplemented with Pen/Strep and glutamax. hMSCs were supplemented 

with 50 micrograms/mL hydrocortisone. The hMSCs were cultured utilizing a previously 

published protocol (Mihara et al., 2003). After initial recovery from liquid nitrogen 

storage, the Pen/strep from the previously reported media conditions was replaced with 

primocin antimicrobial reagent (Invivogen, Inc.). All hMSCs were incubated at 37oC, 5% 

CO2.  All samples were stored down in RPMI media with 10% fetal bovine serum 

supplemented with primocin, glutamax, and 5% DMSO. 
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miRNA Construct Engineering 

The let-7b and miR124-1 primary sequences were identified through a series of 

online sources  including mirBASE (mirBASE.org) and HGNC, the HUGO Gene 

Nomenclature Committee website (Genenames.org). Utilizing gene resources provided 

by the HGNC, the sequences were subsequently identified on Ensembl (Ensembl.org). 

All sequences were confirmed with the Basic Local Alignment Search Tool (BLAST; 

blast.ncbinlm.nih,gov). Once the sequences were identified, primers were created with 

Primer3 online software (bioinfo.ut.ee). Utilizing the forward and reverse primers 

provided from Primer3, the full desired insert and the pLit38attBBSR_EF1AcGFP vector 

were imputed into an online In-Fusion Tool provided by TaKaRa (http://www.clon 

tech.com/US/Products /Cloning_and_Competent_Cells/Cloning_ Resources /Online_In-

Fusion_Tools). The primers were synthesized by IDTDNA (Integrated DNA 

Technologies) and listed in Table 1. Each set of primers were prepared as 200 𝜇M stocks 

of 0.1X TE (1 mM Tris, 0.1 mM EDTA, ph 8.5) and diluted to a working stock of 10µM 

placed into 4 separate reactions as described in Table 2. Amplification was performed 

utilizing human genomic DNA from cell line HG3-4 (derived from the HT1080 sarcoma 

cell line; ATCC# CCL-121) and carried out following In-Fusion protocol with 

CloneAmp DNA polymerase (TaKaRa, Inc.). After amplification, PCR products were 

isolated by agarose gel electrophoresis on with 0.7% agarose in 1X TAE buffer 

(ThermoFisher Inc.) at 120V for 35 minutes and subsequently stained with Sybr Green 

(ThermoFisher Inc.) to confirm successful constructs. PCR products cut out of the gel 

and stored at -20oC prior to DNA isolation. The amplified miRNAs were isolated from 

the gel with the Monarch DNA Gel Extraction Kit (New England Biolabs Inc.). Isolated 
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products were confirmed by agarose gel electrophoresis with subsequent ethidium 

bromide staining (Sigma-Aldrich Inc.) and product sizes were compared to a control 

DNA ladder (1 Kb Plus Ladder, ThermoFisher Inc.). 

miRNA Construct Sequencing 

 Engineered vectors containing the miRNA sequences  were outsourced to  for DNA 

sequencing for verification of the miRNA constructs (McLab, Inc). Duplicate samples of 

each construct were selected for sequencing. Samples were prepared at a DNA 

concentration of 100ng/𝜇L in a final volume of 10𝜇L water. The primer concentrations 

were diluted to 3.2𝜇M in a  volume of 10𝜇L water. 

Vector 1: pLit38attBBSR_EF1AcGFP 

Vector Preparation and In-Fusion Cloning 

Prior to In-Fusion Cloning pLit38attBBSR_EF1AcGFP was linearized by NotI 

(New England Biolabs, Inc.) restriction enzyme digest and incubated overnight at 37oC. 

The pLit38attBBSR_EF1AcGFP vector was subsequently subjected to agarose gel 

electrophoresis (0.7% agarose in 1X TAE buffer) followed by Sybr Green staining. The 

gel was cut and stored in -20oC.  The linearized vector was subsequently purified from 

the agarose utilizing the Qiagen Gel Extraction Kit and stored at -20oC prior to In-Fusion 

cloning. In-Fusion Protocol for insertion of each miRNA constructs into the linearized 

pLit38attBBSR_EF1AcGFP vector was carried out according to the manufacturer’s 

protocol (TaKaRa Inc.). Reaction sets for the In-Fusion reaction can be located in Table 

2.  
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Transformation 

After In-Fusion cloning, all three sets of miRNA constructs were transformed into 

Stellar Competent Cells (TaKaRa Inc.). 2.5µL of each In-Fusion reaction mixture was 

added to 50µL of competent cells for transformation. This mixture was then placed on ice 

for 30 minutes. The reaction sets were then heat shocked at 42oC for 45 seconds and 

subsequently placed on ice for 2 minutes. Then 450µL of SOC medium was added to 

each sample and incubated for 1 hour at 37oC with shaking. After transformation, each 

sample was spread  on an LB plus ampicillin plate (containing 100 𝜇g/mL ampicillin 

(Sigma-Aldrich Inc.) and incubated overnight at 37oC. Four colonies from each cloning 

event were isolated and grown overnight in 5mL of LB media with ampicillin 

(100𝜇g/ml). Plasmid DNA from all samples were isolated by standard miniprep protocol 

(Qiagen MiniPrep Kit, Germantown, MD USA) and correct clones were confirmed by 

agarose gel electrophoresis after NotI digestion. Agarose gel electrophoresis was carrier 

out with 0.7% agarose in 1X TAE buffer (ThermoFisher Inc.) at 120V for 35 minutes. 

Product sizes were compared to a control DNA ladder (2 log DNA ladder, New England 

Biolabs Inc.). 

Transfection           

 Once correct clones were confirmed, Y29-13D-SFS ACE containing Chinese 

Hamster cells (CHO) were seeded at 4x104 cells/well in 24-well tissue culture dishes and 

incubated overnight at 37oC, 5%CO2. The CHO cells were there transfected with vectors 

containing the miRNA constructs.  For each transfection, Opti-MEM media 

(ThermoFisher Inc.) and Lipofectamine LTX (ThermoFisher Inc.) were utilized along 

with the unidirectional 𝛌INTROK integrase expressing plasmid for placing constructs 
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onto the ACE chromosome platform. Reaction sets for this transfection can be located in 

Table 2. Next, 25𝜇L Opti-MEM media and 1.25𝜇L LTX reagent were added to each 

reaction set. The media was then removed from the Y29 cells and replaced with new 

media before the transfection mixtures were added to the seeded Y29 wells and incubated 

overnight at 37oC, 5% CO2. After incubation, the transfection was observed under 

fluorescence to visualize GFP fluorescence as an indicator of successful transfection. The 

positive control as well as all the constructs showed GFP fluorescence while the negative 

control (Vector Only) showed no GFP expression. The samples were then expanded to 

10cm plates under blasticidin selection (5 micrograms/mL, Invivogen Inc.). After colony 

formation for samples Let-7b, miR124-1, Dual, colonies  were subsequently ring cloned 

and expanded in a 24 well dish (vector only transfection resulted in no colony formation). 

Once the 24 well dish was confluent, each sample was expanded to a 6 well plate. Once 

the 6 well plate was confluent, a sample was stored down in MEM Alpha freeze media 

and another sample was prepared for genomic DNA isolation  and PCR Junction Assay.  

PCR Junction Assay 

 Genomic preparations of all the samples were performed utilizing the Dneasy 

Blood and Tissue Kit (Qiagen Inc.) according to the manufacturer’s instructions.  Each 

sample was then tested for the presence of the AttR and AttL junctions using GoTaq 

polymerase (Promega Inc.). The preparation of this PCR assay can be located in Table 2.  

Vector 2: pAPP550 

Vector Preparation  

 The pAPP550 vector was linearized by restriction digest and incubated overnight 

at 37oC using the EcoRV restriction enzyme. The pLit38attBBSR_EF1AcGFP vector was 
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subjected to agarose gel electrophoresis (0.7% agarose in 1X TAE buffer) followed by 

Sybr Green staining. The vector band was cut out of the gel and stored at -20 oC.  The 

linearized vector was subsequently purified from the agarose utilizing the Qiagen Gel 

Extraction Kit and stored at -20oC prior to In-Fusion cloning. 

Construct Preparation and In-Fusion Cloning 

One set of primers were designed to excise the previously sequence verified 

constructs out of the pLit38attBBSR_EF1AcGFP vector. Once the sequences were 

identified, primers were created with Primer3 online software (bioinfo.ut.ee). Utilizing 

the forward and reverse primers provided from Primer3, the full desired insert from the 

pLit38attBBSR_EF1AcGFP  vector and the pAPP550 vector were imputed into an online 

In-Fusion Tool provided by TaKaRa (http://www.clontech.com/US/Products/Cloning_ 

and_Competent_Cells/Cloning_ Resources/Online_In-Fusion_Tools). The primer set was 

synthesized by Integrated DNA Technologies (IDT Inc.)) can be found in Table 1. As 

above, primers were diluted to a  working stock of 10µM and the set of primers were 

placed into 3 separate reactions as described below. Amplification was performed 

utilizing the previously engineered pLit38attBBSR_EF1AcGFP miRNA constructs and 

carried out following In-Fusion protocol with CloneAmp DNA polymerase (TaKaRa 

Inc.). Reaction sets can be located in Table 2. After amplification, samples were 

subjected to agarose gel electrophoresis with 0.7% agarose in 1X TAE at 120V for 35 

minutes and stained with SybrGreen (ThermoFisher Inc.) to confirm successful PCR 

reactions. Each PCR product was cut from the gel and stored prior to purification. The 

new miRNA PCR products  from the gel were purified using the Monarch DNA Gel 

Extraction Kit (New England Biolabs Inc.). To confirm PCR product purification, an 
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aliquot of the purified samples were run on an agarose gel and stained with EtBr for 

conformation. At this point, samples were ready for In-Fusion cloning into the linearized 

pAPP550 vector following the manufacturer’s protocol (TaKaRa Inc.). Reaction sets can 

be located in Table 2.  

Transformation 

After In-Fusion cloning, all three sets of the newly engineered constructs were 

transformed into Stellar Competent Cells (TaKaRa Inc.). First, 2.5µL of each In-Fusion 

reaction mixture was added to 50µL of competent cells. This mixture was then placed on 

ice for 30 minutes. The reaction sets were then heat shocked at 42 oC for 45 seconds and 

subsequently placed on ice for 2 minutes. Then 450 µL of SOC medium was added to 

each sample and incubated for 1 hour at 37oC. Each transformation  was spread on a LB 

plus Chloramphenicol (30 𝜇g/mL; Sigma-Aldrich Inc.)  plate and incubated overnight at 

37oC. Four colonies from each cloning event were isolated and grown overnight in 5mL 

of LB media with Chloramphenicol (30𝜇g/ml). Plasmid DNA from all samples were 

isolated by standard miniprep protocol (Qiagen MiniPrep Kit, Qiagen Inc.) and correct 

clones were confirmed by agarose gel electrophoresis by EcoRV digest (New England 

Biolabs Inc.). 

Transfection 

Once correct clones were confirmed, Y29-A1 ACE containing Chinese Hamster 

cells (CHO) were seeded at 4x104 cells/well and incubated overnight. The CHO 

containing cells were there transfected with the miRNA vector constructs. For each 

transfection, Opti-MEM media (ThermoFisher Inc.) and Lipofectamine LTX 

(ThermoFisher Inc.) were utilized along with the unidirectional 𝛌INTROK integrase 
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expressing plasmid for placing constructs onto the ACE chromosome platform. Reaction 

sets for this transfection can be located in Table 2. Next, 25𝜇L Opti-MEM media and 

1.25𝜇L LTX reagent were added to each reaction set. The media was then removed from 

the Y29 cells and replaced with new media before the transfection mixtures were added 

to the seeded Y29 wells and incubated overnight at 37oC, 5% CO2. After incubation, the 

transfection was observed under fluorescence. The positive control showed GFP 

fluorescence while the negative control (Vector Only), and all of the constructs showed 

no GFP expression. This was as expected for the induction-based expression system of 

the pAPP550 vector.  The samples were then expanded to 10cm plates under blasticidin 

selection (5 micrograms/mL). Colonies began to form for samples Let-7b, miR124-1, 

Dual, and vector only which were subsequently ring cloned and gown up in a 24 well 

dish. Once the 24 well dish was confluent, each sample was expanded to a 6 well plate. 

Once the 6 well plate was confluent, a sample was stored down in MEM Alpha freeze 

media and another sample was prepared for the PCR Junction Assay.  

A subsequent reverse transfection was performed as a back up to the first 

transfection. The procedure was followed as stated above, however, the cells were not 

seeded the night prior, rather, they were suspended in the media throughout the 

transfection.  

PCR Junction Assay 

Genomic preparations of all the samples were performed utilizing the Qiagen 

Dneasy Blood and Tissue Kit (Qiagen Inc.). Each sample was then tested for the presence 
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of the AttR and AttL junctions by PCR using GoTaq polymerase (Promega Inc.).  The 

preparation of this PCR assay can be located in Table 2. 

Induction Assay 

To screen the loaded pAPP550 vector, each sample was seeded (2 wells/sample) 

seeded at 4x104 under blasticidin selection  (5 𝜇g/mL; Invivogen Inc.) into a 24-well 

plate and incubated overnight. The next day the media was changed (without Blasticidin) 

and doxycycline (TaKaRa Inc. 2/mL) was added to the appropriate wells. The following 

day the cells were observed under fluorescence to visualize GFP expression. 

Vector 3: pTOattBHygBGH (pTETOne) 

Vector Preparation  

The pTETOne vector (TaKaRa Inc.) was linearized by restriction digest and 

incubated overnight using the NotI restriction enzyme (New England Biolabs Inc.). The 

pTETOne vector was subjected to agarose gel electrophoresis (0.7% agarose in 1X TAE 

buffer) and followed by Sybr Green staining. The digested pTETONE fragment was cut 

from the gel and stored in -20 oC.  The linearized vector was subsequently purified from 

the agarose utilizing the Qiagen Gel Extraction Kit (Qiagen Inc.) and stored at -20oC until 

In-Fusion cloning. 

Construct Preparation and In-Fusion Cloning 

As done for the pAPP550 vector, one set of primers were designed to excise the 

previously sequence verified constructs out of the pLit38attBBSR_EF1AcGFP vector. 

Once the sequences were identified, primers were created with Primer3 online software 

(bioinfo.ut.ee). Utilizing the forward and reverse primers provided from Primer3, the full 

desired insert from the pLit38attBBSR_EF1AcGFP  vector and the pTETOne vector 
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were imputed into an online In-Fusion Tool provided by TaKaRa 

(http://www.clontech.com/US/Products/Cloning_ and_Competent_Cells/Cloning_ 

Resources/Online_In-Fusion_Tools). The primer set was synthesized by Integrated DNA 

Technologies (IDT Inc.) and can be found in Table 1. Working stocks of primers were 

diluted to 10µM and the set of primers were placed into 3 separate reactions as described 

below. Amplification was performed utilizing the previously engineered 

pLit38attBBSR_EF1AcGFP miRNA constructs and carried out following In-Fusion 

protocol with CloneAmp DNA polymerase (TaKaRa Inc.). Reaction sets can be located 

in Table 2. After amplification, PCR products were run on a 0.7% agarose gel in 1X TAE 

at 120V for 35 minutes and subsequently stained with Sybr Green to confirm successful 

constructs. After gel staining, each DNA sample was cut and stored at -20oC. The 

isolated  miRNA constructs from the gel were purified with the Monarch DNA Gel 

Extraction Kit (New England Biolabs Inc.). Agarose gel electrophoresis (0.7% gel in 1X 

TAE) followed by EtBr (Sigma Aldrich Inc.) staining was used to confirm DNA isolation 

prior to insertion into the pTETOne by In-Fusion cloning. At this point, samples were 

ready for In-Fusion cloning into the linearized pTOattBHygBGH vector following the 

manufacturer’s protocol (TaKaRa Inc.). Reaction sets can be located in Table 2.  

Transformation 

After In-Fusion cloning, all three sets of the newly engineered constructs were 

transformed into Stellar Competent Cells (TaKaRa Inc.). First, 2.5µL of each In-Fusion 

reaction mixture was added to 50µL of competent cells (TaKaRa Inc.). This mixture was 

then placed on ice for 30 minutes. The reaction sets were then heat shocked at 42 oC for 

45 seconds and subsequently placed on ice for 2 minutes. Then 450 µL of SOC medium 
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was added to each falcon tube and each sample was incubated for 1 hour at 37oC with 

shaking. Each sample was spread  on a LB plus Ampicillin (100 𝜇g/mL) plate and 

incubated overnight at 37oC. Four colonies from each cloning event were isolated and 

grown overnight in 5mL of LB media with Ampicillin (100 𝜇g/ml). Plasmid DNA from 

all samples were isolated by standard miniprep protocol (Qiagen MiniPrep Kit, Qiagen 

Inc.) and correct clones were confirmed by agarose gel electrophoresis following NotI 

(New England Biolabs Inc.) digestion. 

Transfection 

Once correct clones were confirmed, Y29-13D-SFS ACE containing Chinese 

Hamster cells (CHO) were seeded at 4x104 cells/well and incubated overnight at 37oC, 

5% CO2. All cell culturing with this vector was done with MEM Alpha media and 5% 

TET approved serum (TaKaRa Inc.). The CHO containing cells were there transfected 

with the miRNA vector constructs. The procedure was adjusted from previous 

transfection to the following (Table 2). The mixture was incubated at room temperature 

for 15 minutes. Next, 1.25 𝜇L LTX was added to each tube and mixed by pipetting up 

and down. This was incubated at room temperature for 25 minutes. Media was removed 

from the Y29 cells and replaced with new media before the transfection mixtures were 

added to the seeded Y29 wells and incubated overnight at 37oC, 5% CO2. After overnight 

incubation, the transfections were observed under fluorescence. The positive control 

showed GFP fluorescence while the negative control (Vector Only), and all of the 

constructs showed no GFP expression. This was as expected for the induction-based 

expression system of the pTETOne vector.  The samples were then expanded to 10cm 

plates under hygromycin gold selection (500 𝜇g/mL; Invivogen Inc.). Colonies began to 
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form for the Dual sample only and limited dilution cloning was done to isolate single cell 

clones. For this, a Bio-Rad TC20 cell counter (Bio-Rad Inc.) was used to determine cell 

titers from plates.  After determining cell titers, cells were diluted and plated at 

approximately 1 cell/well in 100 𝜇L media in four, 96-well plates. Brightfield microscopy 

was used to identify wells growing up from a single cell. Once the identified wells were 

confluent, 12 of the samples were expanded into 2 wells of a 24-well plate to prepare for 

a doxycycline induction assay. Dual samples were expanded to the 6-well dish and a 

sample was stored down, and another sample was set aside for the PCR junction assay. A 

subsequent transfection was performed hygromycin-gold with drug concentration 

decreased to 300 𝜇g/mL and colony growth was observed for the Let-7b and miR124-1 

transfections (Vector only transfection exhibited no observable colonies). The colonies 

from this transfection were stored down for later single cell cloning.  

Induction Assay 

Each of the 12 samples selected from the 96-well plates were seeded in a 24-well 

plate at 4x104 with blasticidin (5 𝜇g/mL; Invivogen Inc.). Two wells were seeded for 

each sample for doxycycline versus no induction conditions. The samples were incubated 

overnight at 37oC, 5% CO2. The next day the media was changed (without blasticidin) 

and doxycycline (2 𝜇g/mL) was added to the appropriate wells. The following day, the 

cells were observed under fluorescence to visualize GFP expression.  

PCR Junction Assay 

 Genomic preparations of the Dual samples were performed utilizing the Qiagen 

Dneasy Blood and Tissue Kit (Qiagen Inc.). Each sample was then tested for the presence 
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of the AttR and AttL junctions by PCR using GoTaq polymerase (Promega Inc.). The 

preparation of each sample can be located in Table 2. 

miRNA Analysis 

Extracellular miRNA 

Exosome Isolation. Verified samples from the reverse transfection of the 

pAPP550 vector transfections were seeded 1:10 from a 10cm plate into a 6-well plate 

using duplicate wells for each sample. Samples were cultured with TET approved media 

and blasticidin (5 𝜇g/mL; Invivogen Inc.). Samples were incubated overnight at 37oC, 5% 

CO2. The media was then changed without blasticidin and doxycycline (2 𝜇g/mL; 

TaKaRa Inc.) was added to the appropriate wells. The samples were incubated for 96 

hours and media from each sample was isolated and centrifuged at 2000 × g for 30 

minutes to remove cells and debris. The supernatant containing the cell-free culture 

media was transferred into a tube. The media samples were stored at 4 oC. Exosomes 

were isolated utilizing the Total Exosome Isolation (Invitrogen Inc.). 

           Exosome miRNA isolation. Isolated exosomes were processed to isolate small 

RNA (under 200 nucleotides) with the Total Exosome RNA and Protein Isolation Kit 

(Invitrogen Inc.). These samples were stored at -20oC prior to stem loop RT-PCR. 50 ng 

of each sample was subject to stem loop RT-PCR to generate cDNA from mature 

miR124-1 and let-7b miRNAs with miRNA specific stem loop primers.        

Intracellular miRNA 

Cellular RNA Isolation. Verified samples from the transfection of the pAPP550 

vector  were seeded 1:10 from a 10cm plate into a 6 well plate using duplicate wells for 
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each sample. Samples were cultured with TET approved media and blasticidin (5 𝜇g/mL; 

Invivogen Inc.). Samples were incubated overnight. The media was then replaced  with 

fresh media (excluding blasticidin) and doxycycline (2 𝜇g/mL) was added to the 

appropriate wells. The samples were then incubated for 96 hours at 37oC, 5% CO2. The 

cells from each well was pelleted for RNA isolation. The RNA from the cells was 

isolated utilizing the RNeasy Mini Kit (Qiagen Inc.). These samples were stored at -20oC 

for subsequent stem loop RT-PCR. 1000 ng of each sample was subject to stem loop RT-

PCR to generate cDNA from mature miR124-1 and let-7b miRNAs with miRNA specific 

stem loop primers.  

Extracellular and Intracellular Mature miRNA Analysis 

Previously published primers designed to isolate mature miRNA were synthesized 

by Integrated DNA Technologies (IDT INc.) and can be found in Table I (Wu, Ye, Qin, 

Yin, & Pei, 2017). The stem loop primers were hydrated and diluted to a working stock 

of 1µM as described previously (Varkonyi-Gasic, Wu, Wood, Walton, & Hellens, 2007). 

The real time PCR primers were diluted to a working stock of 10µM.   

Stem loop RT-PCR: Exosome Derived miRNA and Intracellular miRNA. Stem 

loop RT-PCR was performed using the High Capacity cDNA Reverse Transcription Kit 

from Applied Biosystems following their published protocol (Applied Biosystems Inc.) 

to create first-strand cDNA prior to PCR amplification.  

Real Time PCR. After first-strand cDNA synthesis, forward primers and universal 

reverse primer (Table 1) were used for PCR amplification using GoTaq polymerase 

(Promega Inc.). The reaction sets can be located in Table 2.     
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Analysis of miRNA-GFP Primary Transcripts 

Verified samples from the transfection of the pAPP550 vector were seeded 1:10 

from a 10cm plate into a 6 well plate using duplicate  wells for each sample. Samples 

were cultured with TET approved media and blasticidin (5 𝜇g/mL; Invivogen Inc.). 

Samples were incubated overnight. The media was then replaced with fresh media 

(excluding blasticidin) and doxycycline (2 𝜇g/mL) was added to the appropriate wells. 

The samples were then incubated for 96 hours at 37oC, 5% CO2.  The cells from each 

well was pelleted for RNA isolation. The RNA from the cells was isolated utilizing the 

RNeasy Mini Kit (Qiagen Inc.).  These samples were stored at -20oC for subsequent stem 

loop RT-PCR. 500 ng of each sample was subject to RT-PCR with random primers using 

the Reverse Transcription Kit from Applied Biosystems following their published 

protocol (Applied Biosystems Inc.). The cDNA template was then used in a PCR assay to 

identify the miRNA-GFP primary transcripts. Primers can be found in table 1. The 

reaction sets can be found in Table 2. 
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CHAPTER 3  

RESULTS  

Bioengineering the ACE platform chromosome to upregulate multiple miRNAs 

expression 

           The overall objective of this project was to identify the best engineering strategy 

to produce miRNA from an artificial chromosome. To our knowledge there are no 

published guidelines for the production of miRNA from an artificial chromosome, and as 

such a variety of expression systems were explored. The first step in this project was to 

design the miRNA constructs. For each of the three constructs, Let-7b, miR124-1, and 

the dual delivery Let-7b/miR124-1 construct, the targeted miRNA gene sequence was 

identified with approximately 200-400 bp flanking the upstream and downstream 

segments of the miRNA insert. After these constructs were isolated, the engineering 

process began with the pLit38attBBSR_EF1AcGFP vector. This vector is a constituently 

activated vector that utilizes the human α EF1 promoter to express AcGFP which has a 

downstream NotI site. The NotI site was utilized to linearize and insert the miRNA 

construct. This engineering strategy allowed for the final miRNA construct to be 

genetically linked to the AcGFP.  Next, the pAPP550 vector was explored. In contrast to 

pLit38attBBSR_EF1AcGFP, this vector operates based on an inducible expression 

system. The pAPP550 vector contains a doxycycline inducible expression system, 

however, the TET regulator is maintained on the artificial chromosome rather than on the 

vector. Insertion of the genetically linked AcGFP miRNA constructs occurred 
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downstream of the TET promoter into the EcoRV site. Lastly, the pTOattBHygBGH 

vector was engineered. Like the pAPP550 vector, this vector functions based on a 

doxycycline inducible system, however, the TET regulator is maintained on the vector 

itself. Downstream of TET promoter is a NotI site which was utilized for linearization 

and insertion of the genetically linked AcGFP miRNA constructs.  All vectors utilized in 

this project contain the attB-drug selection marker cassette necessary for engineering 

onto the ACE platform chromosome. Following engineering of the vectors, each was 

transfected into the CHO engineering cell line and loaded onto the platform ACE. 

Subsequent analysis was carried out with the junction PCR assay and induction assays. 

To analyze mature miRNA production, Stem-loop RT-PCR was performed on exosome 

miRNA and total cellular RNA preparations of verified let-7b, miR124-1, dual, and 

vector only pAPP550 samples. Additionally, analysis of miRNA-GFP primary transcripts 

was carried out on the total cellular RNA preparations to analyze production of human 

primary miRNA transcripts from the artificial chromosome.          

      

Primers for Platform Engineering 

 

Table 1 

Primer Sequences                                                      

Primer Sequence (5’-3’) 
Let7BFor  TAC AAG TGA GCG GCC GCC TGA GCA 

GGA AGT GAG AGG A 
Let7BRev  TCT AGA GTC GCG GCC GCC AGT TCC 

AAG TTC ATG GTC A 
Mir124-1 For  TAC AAG TGA GCG GCC GCC AAA GAG 

CCT TTG GAA GAC GTC G  
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Table 1 - Continued 

Mir 124-1 Rev  TCT AGA GTC GCG GCC GCT TGC ATC 
TCT AAG CCC CTG TCT G 

miRS1 AGC TGT ACA AGT GAG CGG CCG CCA 
AAG AGC CTT TGG AAG ACG TCG 

miRS2 CCT GCT CAG GTT GCA TCT CTA AGC 
CCC TGT CTG 

miRS3 AGA GAT CCA ACC TGA GCA GGA AGT 
GAG AGG A 

miRS4 TAT GAT CTA GAG TCG CGG CCG CGC 
CAG TTC CAA GTT CAT GGT CA 

DA550For  ATC GAT CGG CCG GAT ATC CCG GTC 
ATG GTG AGC AAG 

DA550Rev CAT ATG ACG CGT GAT ATC TTT ATT 
TGT GAA ATT TGT GAT GC 

TET3G345For  TCA GCT CGC GTT CCT GTG TC 
TET3G712Rev  GAG CGT CAG CAG GCA GCA TA 
TOmirVecFor GAT ACG CGT GCG GCC GCT TTG TAA 

CCA TTA TAA GCT GC 
TOmirVecRev AAA GAA TTC GCG GCC GCG CCA CCA 

TGG TGA GCA AGG  
LET7BSTMLP GTC GTA TCC AGT GCA GGG TCC GAG 

GTA TTC GCA CTG GAT ACG ACA ACC 
AC 

MIR124STMLP GTC GTA TCC AGT GCA GGG TCC GAG 
GTA TTC GCA CTG GAT ACG ACG GCA 
TT 

LET7BFor  CGG CGT GAG GTA GTA GGT T 
MIR124For CGG CGT AAG GCA CGC GG  
URP  GTG CAG GGT CCG AGG T 
Litmus38 Primer  CTG GCG CCA AGC TTC TCT GC 
PuroRev GAG GAA GAG TTC TTG CAG CTC GGT 
ATTR_L GCG CTA ATG CTC TGT TAC AGG T  
BSR170Rev GCA ATG GCT TCT GCA CAA ACA 
186HygRev  CCG ATG CAA AGT GCC GAT AAA C 

 

Note. Working stock of all primers were diluted to 10𝜇M for the exception of the Stem 
loop primers, which were diluted to 1𝜇M.  

 

 

 



 
 

33 

 
 

miRNA Construct Primers  

 The primer sets Let7BFor and Let7BRev as well as Mir124-1 For and Mir124-1 

Rev were utilized to isolate the Let-7b and miR124-1 gene sequences from the human 

genome, respectively. The primer sets miRS1 and miRS2 and miRS3 and miRS4 were 

used to engineer the dual miRNA construct. The miRS1 and miRS2 primers were the 

forward and reverse primers, respectively, for the miR124-1 segment of the construct. 

The miRS3 and miRS4 primers were the forward and reverse primers, respectively, for 

the Let-7b segment of the construct. These primers were homologous to the 

pLit38attBBSR_EF1AcGFP for subsequent In-Fusion cloning. In addition, these primer 

sets were used in the analysis of miRNA-GFP primary transcripts. Primer sets Let7BFor 

and Let7BRev and Mir124-1 For and Mir124-1 Rev isolated the let-7b alone and 

miR124-1 primary transcriptions, respectively, from the single delivery constructs. The 

primer sets miRS1 and miRS4 isolated the full dual miRNA segment from the dual 

construct, while  miRS1  and miRS2  and miRS3 and miRS4 isolated isolated the 

miR124-1 and let-7b primary transcripts, respectively, from the dual construct. 

pAPP550 Vector Primers 

The primer set DA550For and DA550Rev were utilized to isolate all three 

miRNA constructs and upstream AcGFP from the pLit38attBBSR_EF1AcGFP vector 

and prepare the construct for insertion into the pAPP550 vector. 

TET Regulator Primers 

The primer set TET3G345For and TET3G712Rev were utilized to isolate the 

TET regulator segment from the pAPP550 constructs loaded onto the platform 
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chromosome. These primers allowed for the confirmation of the presence of the TET 

regulator system maintained in the Y29-A1 cell line. 

pTOattBHygBGH Vector Primers 

 The TOmirVecFor and TOmirVecRev primer set was utilized to isolate all three 

miRNA constructs and upstream AcGFP from the pAPP550 vector and prepare the 

construct for insertion into the pTOattBHygBGH vector.  

Stem Loop RT-PCR Primers 

 The LET7BSTMLP and MIR124STMLP primers were utilized for cDNA 

synthesis of mature miRNA containing samples.  

Real Time PCR from Stem Loop cDNA Template Primers 

The primers LET7BFor and MIR124For were the forward primers for let-7b and 

miR124-1 while the primer URP was the universal reverse primer utilized for real time 

PCR following cDNA synthesis (Wu et al., 2017). 

attL Junction Primers 

 The Litmus38 and PuroRev primers were used to isolate the attL junction from 

the pLit38attBBSR_EF1AcGFP, pAPP550, and pTOattBHygBGH vectors.  

attR Junction Primers 

 The ATTR_L and BSR170Rev primers were used to isolate the attR junction 

from the pLit38attBBSR_EF1AcGFP and pAPP550 vectors. The ATTR_L and 

186HygRev primers were used to isolate the attR junction from the pTOattBHygBGH 

vector.  
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   Establishment of ACE Engineering Reaction Conditions 

Table 2 

Reaction Sets and Conditions 

Reaction Reaction Mixture Reaction Conditions 

miRNA Construct 
Amplification 

Four separate reactions were 
prepared for each primer set. 
1.     Let-7BFor/Rev 
2.     Mir124-1For/Rev 
3.     miRS1/miRS2 
4.     miRS3/miRS4 
  
10.5µL H20 + 0.5µL forward 
primer + 0.5µL reverse primer 
+ 1µL HG3-4  gDNA + 12.5µL 
CloneAmp HiFi PCR Premix 

1.     98 oC for 1 minute 
2.     98 oC for 10 seconds 
3.     55 oC for 5 seconds 
4.     72 oC for 5 seconds 
5.     Go to Step 2, 34X 
6.     72 oC for 30 seconds 
7.     4 oC hold 

pLit38attBBSR_EF1AcGFP 
In-Fusion Cloning 

1.     2µL Let-7b + 2µL 
pLit38attBBSR_EF1AcGFP + 
2µL 5x In-Fusion HD Enzyme 
Premix + 4µL H20       
2.     2µL miR124-1 + 2µL 
pLit38attBBSR_EF1AcGFP + 
2µL 5x In-Fusion HD Enzyme 
Premix + 4µL H20 
3.     2µL Oligo 1/2 + 1µL 
Oligo 3/4 + 2µL 
pLit38attBBSR_EF1AcGFP + 
2µL 5x In-Fusion HD Enzyme 
Premix + 3µL H20 

The reaction sets were 
incubated for 15 minutes at 
50oC and then placed on ice. 
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Table 2 - Continued 

pLit38attBBSR_EF1AcGFP 
Transfection 

250ng Respective Plasmid + 
250ng 𝛌INTROK+0.5 uL 
Plus+25 uL Opti-MEM 
  
Control pEF1hrGFP: 0.5L 
DNA + 100L Opti-MEM +0.5L 
Plus Reagent 

  

PCR Junction Assay: attR 5 μL + GoTaq + .25 μL 

Forward Primer + 0.25 μL 

Reverse Primer + __ μL H20 

  
Adjust water for a total volume 
of 10 μL 

1.     95 oC for 2 minutes 
2.     95 oC for 30 seconds 
3.     56 oC for 30 seconds 
4.     72 oC for 30 seconds 
5.     GO TO step2, 40X   
6.     72 oC for 2 minutes 
7.     4 oC, hold 
  

PCR Junction Assay: attL 5 μL + GoTaq + .25 μL 

Forward Primer + 0.25 μL 

Reverse Primer + __ μL H20 

 
Adjust water for a total volume 
of 10 μL 

1.     95 oC for 2 minutes 
2.     95 oC for 30 seconds 
3.     59 oC for 30 seconds 
4.     72 oC for 25 seconds 
5.     GO TO step2, 34X   
6.     72 oC for 5 minutes 
7.     12 oC, hold  
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Table 2 - Continued 

pAPP550 Construct 
Preparation 
  

10.5µL H20 + 0.5µL DA550 
FOR + 0.5µL DA550 REV + 
1µL Template + 12.5µL 
CloneAmp HiFi PCR Premix    
  
Reaction was prepared for each 
of the following templates: 
1.     
pLit38attBBSR_EF1AcGFP 
Let-7b 
2.     
pLit38attBBSR_EF1AcGFP 
miR124-1 
3.     
pLit38attBBSR_EF1AcGFP 
Dual 

1.     98 oC for 1 minute 
2.     98 oC for 10 seconds 
3.     55 oC for 5 seconds 
4.     72 oC for 5 seconds 
5.     GOTO step 2, 34X 
6.     72 oC for 30 seconds 
7.     4 oC hold 

pAPP550 In-Fusion Cloning 1.  2µL Let-7b insert + 2µL 
pAPP550 plasmid + 2µL 5x In-
Fusion HD Enzyme Premix + 
4µL H20        
2.  2µL miR124-1 insert + 2µL 
pAPP550 plasmid + 2µL 5x In-
Fusion HD Enzyme Premix + 
4µL H20 
3.  2µL Dual insert + 2µL 
pAPP550 plasmid + 2µL 5x In-
Fusion HD Enzyme Premix + 
4µL H20 
  

The reaction sets were 
incubated for 15 minutes at 
50oC and then placed on ice. 

pAPP550 Transfection 250ng Respective Plasmid + 
250ng 𝛌INTROK+0.5 uL 
Plus+25 uL Opti-MEM 
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Table 2 - Continued 

pTOattBHygBGH Construct 
Preparation 

10.5µL H20 + 0.5µL 
TOmirVecFor + 0.5µL 
TomirVecRev + 1µL Template 
+ 12.5µL CloneAmp HiFi PCR 
Premix    
  
Reaction was prepared for each 
of the following templates: 
1.     
pLit38attBBSR_EF1AcGFP 
Let-7b 
2.     
pLit38attBBSR_EF1AcGFP 
miR124-1 
pLit38attBBSR_EF1AcGFP 
Dual 

1.     98 oC for 1 minute 
2.     98 oC for 10 seconds 
3.     55 oC for 5 seconds 
4.     72 oC for 5 seconds 
5.     GOTO step 2, 34X 
6.     72 oC for 30 seconds 
7.     4 oC hold 

pTOattBHygBGH 
In-Fusion Cloning 

1. 2µL Let-7b insert + 2µL 
pTOattBHygBGH + 2µL 5x In-
Fusion HD Enzyme Premix + 
4µL dH20        
2. 2µL miR124-1 insert + 2µL 
pTOattBHygBGH + 2µL 5x In-
Fusion HD Enzyme Premix + 
4µL dH20 
3. 2µL Dual insert + 2µL 
pTOattBHygBGH + 2µL 5x In-
Fusion HD Enzyme Premix + 
4µL dH20 

The reaction sets were 
incubated for 15 minutes at 
50oC and then placed on ice. 
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Table 2 - Continued 

pTOattBHygBGH 
Transfection 

250ng Respective Plasmid + 
250ng 𝛌INTROK + 100L Opti-
MEM+0.5µL Plus Reagent 
  
Control pEF1hrGFP: 0.5L 
DNA + 100L Opti-MEM +0.5L 
Plus Reagent 

  

miRNA analysis: Real Time 
PCR 

1µL cDNA from Stem Loop 

RT-PCR + 9µL master mix 

  

Master mix: 5µL GoTaq + 
0.5µL Forward Primer + 0.5µL 
Reverse Primer +  3µL H20 

1.     95 oC for 2 minutes 
2.     95 oC for 15 seconds 
3.     59 oC for 15 seconds 
4.     72 oC for 10 seconds 
5.     GOTO step2, 29X 
6.     72 oC for 5 minutes 
7.     4 oC hold 

miRNA-GFP Primary 
Transcripts Analysis 

9𝜇L master mix + 1𝜇L cDNA 

template 

Master Mix: 5 𝜇L Go Taq + .25 

𝜇L primer 1 + .25 𝜇L primer 2 

+ 3.5 uL dH20 

  

  

Single Delivery Constructs 
1.     95 oC for 2 minutes 
2.     95 oC for 2 minutes 
3.     72 oC for 1 minute 
4.     GOTO step2, 34X 
5.     72 oC for 5 minutes 
6.     4 oC hold 
  
Dual Delivery Construct 
1.     95 oC for 2 minutes 
2.     95 oC for 2 minutes 
3.     72 oC for 1 minute and 
30 seconds 
4.     GOTO step2, 34X 
5.     72 oC for 5 minutes 
6.     4 oC hold 
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miRNA Construct Design 

Table 3 

miRNA Sequences 

Level of miRNA Processing Sequence (5’-3’) 
Let-7b Insert CCTGAGCAGGAAGTGAGAGGAACAGCTCTGCATAC

ACTGGGTCCCACATGGCACAATCTGAAGGCAGACA
GTGGCTCCTCTGTACCTGGGGAAACTGAGGCCCAG
AGAGCCAGGGACTTCCCAAGACCAGCCAGCAGCAG
CTGCCCCTTCCTGGGGTGCCATCTCCCCTGTCCCTCC
TGCCCTGCGCCTGCCCAGCCCTCCTGCTCTGGTGAC
TGAGGACCGCCAGGCAGGGGCTGGTGCTGGGCGGG
GGGCGGCGGGCCCTCCCGCAGTGCAAGGCCGGGCC
TGGCGGGGTGAGGTAGTAGGTTGTGTGGTTTCA
GGGCAGTGATGTTGCCCCTCGGAAGATAACTAT
ACAACCTACTGCCTTCCCTGAGGAGCCCAGTGAC
ACGACCCCATGGGAGGGCCGCCCCCTACCTCAGTG
ACACGACCCCACGGGAGGGCTGCCCCCCACCTCAG
TGACCTGCAGGGGGCCTGAGCCGAAGCTGGGTGGG
CATCTGGGAGCTAGATTCAATAAAGCTGTTCTGACC
ATGAACTTGGAACTGGC 

Let-7b Gene CGGGGTGAGGTAGTAGGTTGTGTGGTTTCAGGGCA
GTGATGTTGCCCCTCGGAAGATAACTATACAACCTA
CTGCCTTCCCTG  

Let-7b Stem Loop CGGGGUGAGGUAGUAGGUUGUGUGGUUUCAGGGC
AGUGAUGUUGCCCCUCGGAAGAUAACUAUACAAC
CUACUGCCUUCCCUG 

Mature Let-7b UGAGGUAGUAGGUUGUGUGGUU 
miR124-1 Insert CAAAGAGCCTTTGGAAGACGTCGCTGTTATCTCATT

GTCTGTGTGATTGGGGGAGCTGCGGCGGGGAGGAT
GCTGTGGTCCCTTCCTCCGGCGTTCCCCACCCCCAT
CCCTCTCCCCGCTGTCAGTGCGCACGCACACGCGCC
GCTTTTTATTTCTTTTTCCTGGTTTTCTTATTCCATCT
TCTACCCACCCCTCTTCCTTTCTTTCACCTTTCCTTC
CTTCCTTCCTCCTTTCCTTCCTCAGGAGAAAGGCCT
CTCTCTCCGTGTTCACAGCGGACCTTGATTTAAA
TGTCCATACAATTAAGGCACGCGGTGAATGCCA
AGAATGGGGCTGGCTGAGCACCGTGGGTCGGCGA
GGGCCCGCCAAGGAAGGAGCGACCGACCGAGCCA
GGCGCCCTCCGCAGACCTCCGCGCAGCGGCCGCGG
GCGCGAGGGGAGGGGTCTGGAGCTCCCTCCGGCTG
CCTGTCCCGCACCGGAGCCCGTGGGGTGGGGAGGT
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GTGCAGCCTGTGACAGACAGGGGCTTAGAGATGCA
A 

miR124-1 Gene GGCCTCTCTCTCCGTGTTCACAGCGGACCTTGATTT
AAATGTCCATACAATTAAGGCACGCGGTGAATGCC
AAGAATGGGGCTG 

miR124-1 Stem Loop AGGCCUCUCUCUCCGUGUUCACAGCGGACCUUGA
UUUAAAUGUCCAUACAAUUAAGGCACGCGGUGAA
UGCCAAGAAUGGGGCUG 

Mature miR124-1 UAAGGCACGCGGUGAAUGCC 
 

Note. Sequences of miRNA let-7b and miR124-1 synthesized and utilized for this project. 
The bolded and underlined segments of the miRNA inserts are the sequences of the 
primary miRNA. 

 

Table 3 displays the miRNA sequences of let-7b and miR124-1 that were utilized 

throughout this project. The miRNA insert that was placed into the ACE compatible 

vectors included approximately 200-400 base pairs both upstream and downstream from 

the targeted miRNA sequence in the genome. It was important to include these flanking 

segments as a precautionary measure to ensure appropriate downstream processing. 

Therefore, the engineered miRNA transcripts should theoretically be processed just as a 

native miRNA with the same miRNA processing machinery  (‘Human pre-miRNA 

Expression Lentivectors (Lenti-miRs) | System Biosciences’, n.d.). 
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Engineering the ACE Platform 

 

 

Figure 4. Platform ACE and Related Components (Lindenbaum et al., 2004). Overview 
of the ACE platform illustrates the concepts surrounding the bioengineering of the 
chromosome-based expression system. Utilizing a modified lambda integrase ACE 
Integrase, (λINTROK), the ACE Targeting vector can recombine onto the platform when 
the attP site crosses with attB, which generates two new junctions, the attR and attL sites. 
There are approximately 70 attP sites which allows the ACE Platform to serve as a 
genetic motherboard. 

 

Figure 5. PCR Junction Assay. This figure is an overview of the PCR Junction Assay 
which confirms loading onto the platform ACE. When loading on the chromosome, site 
specific recombination occurs when the attP site on the platform ACE crosses with the 
attB site on the targeting vector, generating the attR and attL junctions. This PCR assay 
identifies the attR and attL junctions to confirm that loading has occurred.  
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miRNA Construct Engineering 

 

Figure 6. Isolated miRNA Constructs and NotI Digest of pLit38attBBSR_EF1AcGFP. 
Agarose gel electrophoresis in the presence of ethidium bromide confirms isolation of 
indicated products from the Sybr Green gel. The expected bands for the miRNA 
constructs was approximately 550bp while the expected band for 
pLit38attBBSR_EF1AcGFP was 5,973bp. These results indicate intact purification of the 
PCR and restriction enzyme gel isolation products. 

The miRNAs let-7b and miR-124 were isolated by PCR amplification from 

human genomic DNA.  In addition, the vector pLIT38attBBSER_EF1AcGFP was 

digested by NotI. Both the digested vector and the PCR amplification products were 

subjected to agarose gel electrophoresis.  The results suggested the successful 

amplification of the targeted miRNA constructs utilizing the primers listed in Table I. 

Each miRNA insert was approximately 550bp, which was of the expected product size. 

Additionally, this gel indicates that the pLit38attBBSR_EF1AcGFP vector had been 

linearized. These results demonstrate that all system components are ready for 

engineering the miRNA containing ACE compatible vector via In-Fusion cloning. In-
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Fusion cloning is an cloning technique that anneals complementary strands of an insert 

and linearized vector (‘In‑Fusion Cloning FAQs’, n.d.).  

Vector 1: pLit38attBBSR_EF1AcGFP 

Vector Preparation 

 

  

Figure 7. pLit38attBBSR_EF1AcGFP Vector. The pLit38attBBSR_EF1AcGFP vector 
utilized an EF1α promoter to express AcGFP which has a downstream NotI site for In-
Fusion cloning. Linearization and insertion of the miRNA constructs occurred at the NotI 
site. The attB and blasticidin S resistance sites are important for loading onto the ACE 
platform and subsequent selection.  

Figure 7 displays the graphic representation of the pLit38attBBSR_EF1AcGFP 

vector. It is important to note that this vector expression system is not regulated and its 

products are constitutively expressed. This vector has an EF1α promoter which expresses 

the AcGFP. Downstream of the AcGFP there is a NotI site. This was important from an 
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engineering standpoint to allow the linkage of AcGFP production with miRNA 

production. Therefore, the NotI site was strategically utilized during the primer design 

and preparation for In-Fusion cloning. The Ampicillin resistance site was utilized when 

growing up the transformation product following In-Fusion cloning. The attB site allows 

for integration onto the platform chromosome. Utilizing a modified lambda integrase 

(λINTROK) the ACE system promotes site-specific recombination between the attB site 

on the vector with the attP site on the ACE chromosome. The blasticidin S resistance site 

was also utilized for drug selection following transfection into the CHO cells and onto the 

platform chromosome.  

 

Figure 8. Sybr Green Staining of pLit38attBBSR_EF1AcGFP.  Restriction enzyme digest 
with NotI of samples A and B of pLit38attBBSR_EF1AcGFP. The expected band size 
generated is 5,973bp. 

 The NotI digest product was run on a Sybr Green gel as a purification technique 

prior to In-Fusion Cloning with the miRNA constructs. The NotI linearized vector was 

isolated from this gel  for subsequent In-Fusion cloning and transformation. 
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In-Fusion Cloning/Transformation 

 

Figure 9. Restriction Enzyme Digest of the pLit38attBBSR_EF1AcGFP Vector 
Transformation Product. Restriction enzyme digest with NotI of the 
pLit38attBBSR_EF1AcGFP vector transformation product is confirmed by with agarose 
gel electrophoresis in the presence of ethidium bromide. These results indicate successful 
transformation of the miRNA constructs onto the ACE targeting vector. 

 Following In-Fusion cloning and transformation, plasmid DNA was isolated from 

bacteria. The plasmid DNA was then subjected to restriction enzyme digestion with NotI 

and run on an agarose gel for confirmation. The results indicated in Figure 9 indicate the 

successful insertion of the miRNA construct onto the vector.  

Table 4 

BLAST Results of Sequenced Plasmid DNA 

Sample Identities Percentage Matched 

pDAmiR124-2A 480/485 99% 

pDAmiR124-2B 482/482 100% 

pDALet7b-1B 508/509 99% 
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Table 4 - Continued 

pDALet7b-1C 509/510 99% 

pDALet7b-124-1-3A 
(MiRS1-MiRS2) 

483/483 100% 

pDALet7b-124-1-3A  
(MiRS3-MiRS4) 

501/502 99% 

pDALet7b-124-1-3B 
(MiRS1-MiRS2) 

459/459 100% 

pDALet7b-124-1-3B 
(MiRS1-MiRS2) 

488/489 99% 

 

Prior to transfecting the new vector-miRNA constructs onto the ACE 

chromosome, two samples of each vector-miRNA transformation product were sent for 

DNA sequencing. The coding miRNA sequences were sequenced verified with 100% 

homology. Any mismatches were located outside of the miRNA coding region. These 

results indicated that the constructs are ready for transfection. 

 

Figure 10. Schematic of Genetically Linked AcGFP miRNA Constructs. This figure 
represents the genetically linked AcGFP miRNA constructs for all three miRNA 
conditions, Let-7b, miR124-1, and the dual delivery miR124-1 and Let-7b construct.  
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Figure 11. pLit38attBBSR_EF1AcGFP and miRNA Construct Inserts. Graphic map of 
the pLit38attBBSR_EF1AcGFP vector with the miRNA constructs inserted into the NotI 
site. 

 

Transfection 

 

Figure 12. pLit38attBBSR_EF1AcGFP Transfection. Transfection of the 
pLit38attBBSR_EF1AcGFP vector containing miRNA constructs onto the ACE Platform 
maintained in the CHO cells. Microscopy visualized GFP fluorescence of pDALet7b-1B 
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(A), pDAmiR124-1-2B (B), pDALet7b-miR124-1-3B (C), ACE Compatible Vector, and 
Mock Transfection/Negative Control (E). 

 These results indicated successful transfection of the vector-miRNA constructs 

into the ACE platform containing CHO cells. The expression of AcGFP, upstream from 

the miRNA insert on the transcript, was expected for pDALet7b-1B (A), pDAmiR124-1-

2B (B), pDALet7b-miR124-1-3B (C), and the ACE compatible vector (D) which is 

driven by the EF1α promotor. The mock/negative transfection showed no GFP 

expression as expected. Once colonies formed for all four samples after drug selection, 

the colonies were isolated by ring cloning and subsequently expanded. The genomic 

DNA from these samples were isolated to prepare for the PCR junction assay. 

PCR Junction Assay  

 

Figure 13. pLit38attBBSR_EF1AcGFP PCR Junction Assay. PCR assay from the 
pLit38attBBSR_EF1AcGFP vector used to identify the attL and attR junctions visualized 
by gel electrophoresis in the presence of ethidium bromide.  

PCR assay using isolated genomic DNA was undertaken to test for recombination 

junctions in order to confirm the placement of the transfected vectors onto the ACE 

chromosome. These results suggest that the construct was not successfully loaded onto 

the platform chromosome in a high efficiency. The PCR signal for the attL junction site 
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is very weak and slightly larger than what was expected for the junction as compared to 

the positive control. The attR junction had far less PCR signals for the junction site as 

compared to attL. These results were reproduced across a separate transfection with the 

same pLit38attBBSR_EF1AcGFP vector. This suggests that the vector backbone used for 

loading the constructs may refractory for engineering of miRNA onto the ACE platform 

chromosome.  

 

Figure 14. pLit38attBBSR_EF1AcGFP Let-7b 1TF1 Silencing. Let-7b 1TF1 was 
positive for loading the vector onto the chromosome. Decreased growth and GFP 
expression was noted compared to later and earlier passages. The Let-7b 1TF1 silenced 
sample was cultured for approximately 7 weeks.  A) Bright Field Silenced, B) Bright 
Field Early Passage, C) GFP Silenced and D) GFP early passage. 

 

Out of the samples screened for the pLit38attBBSR_EF1AcGFP vector, Let7b 

1TF1 was one of the few samples that was positive for both attR and attL junction sites. 

This sample was sent out for sequencing and was confirmed to have the Let-7b insert. It 

was observed after approximately 7 weeks of culturing Let-7b 1TF1, that there was 

decreased cell growth compared to earlier passages of the construct. Decreased GFP 
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expression was also observed compared to early passages of the same sample. These 

results are highly suggestive of silencing by an underdetermined mechanism. Due to the 

fact AcGFP expression is linked to the same promoter that drives the miRNA constructs, 

this hypothetically would then, too, lead to a decrease in miRNA production. Thereby 

concluding that pLit38attBBSR_EF1AcGFP was not a suitable vector for expression of 

miRNA. 

 This led to the subsequent engineering of the pAPP550 vector, which, as opposed 

to the pLit38attBBSR_EF1AcGFP vector, has an inducible system compared to the 

constituently activated system of pLit38attBBSR_EF1AcGFP.  

Vector 2: pAPP550 

 

Vector Preparation 

 

Figure 15. pAPP550 Vector. The TRE3G promoter was utilized to express AcGFP which 
has a downstream EcoRV site for In-Fusion cloning. Linearization and insertion of the 
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miRNA constructs occurred at the EcoRV site. The attB and blasticidin S resistance sites 
are important for loading onto the ACE platform and subsequent selection.  

 

Figure 15 displays the graphic representation of the pAPP550 vector. It is 

important to note that this vector expression system can be differentiated from the 

pLit38attBBSR_EF1AcGFP vector in that it is a regulated gene expression system. This 

vector is compatible with the Y29-A1 cell line which in the artificial chromosome 

maintains a TET regulator in the background (TET-On system; TaKaRa Inc.). Gene 

products cloned next to the TET3G promoter at the EcoRV site can be induced with 

doxycycline.  This site was utilized for In-Fusion cloning of the previously sequence 

verified AcGFP linked miRNA constructs.  The Chloramphenicol resistance site was 

utilized when growing up the transformation product following In-Fusion cloning. As an 

ACE compatible vector, the pAPP550 vector also contains an attB site for recombination 

onto the artificial chromosome. The blasticidin S resistance site was used for selection 

following transfection into the CHO cells and placement of the vector onto the platform 

chromosome.  
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Figure 16. Sybr Green staining of pAPP550 vector.  Restriction enzyme digest with 
EcoRV of samples A and B of pAPP550. The expected band size is 5,244bp. 

 The EcoRV digested product was ran on a Sybr Green gel for DNA purification 

prior to In-Fusion Cloning with the miRNA constructs. The EcoRV linearized vector was 

isolated from this gel for subsequent In-Fusion cloning and transformation. 

Construct Preparation  

 

 

Figure 17.  Sybr green staining of PCR product produced with the DA550For and 
DA550Rev primers using the previously engineered pLit38attBBSR_EF1AcGFP vector 
as the template. These results indicate successful isolation of the miRNA constructs from 
the pLit38attBBSR_EF1AcGFP vector. A) Let-7b, B) miR124-1, C) Dual miRNA 
construct. 

 The miRNA constructs were isolated by PCR high-fidelity amplification from the 

sequence verified vector-miRNA constructs that were engineered with the 

pLit38attBBSR_EF1AcGFP vector by utilizing primers reported in Table 1. The 

expected sizes of Let-7b and miR124-1 were approximately 1,500bp while the Dual 

construct was approximately 2,000bp. After the PCR reaction and Sybr Green staining of 
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the isolated GFP-miRNA construct, the constructs were gel purified for subsequent In-

Fusion cloning and transformation. 

In-Fusion Cloning/Transformation 

 

Figure 18.  Restriction Enzyme Digest of the pAPP550 Vector Transformation Product. 
Restriction enzyme digest with EcoRV of the pAPP550 vector transformation product is 
confirmed by with agarose gel electrophoresis in the presence of ethidium 
bromide. These results indicate successful construction of the miRNA expressing 
plasmids after In-Fusion cloning.  

These results indicated the successful In-Fusion cloning of the GFP-miRNA 

construct into the pAPP550 vector. The expected band size for the vector across all the 

miRNA constructs was approximately 5,244bp. The Let-7b and miR124 segments were 

expected to be approximately 1,500bp, while the dual construct was expected to be 

slightly larger at approximately 2,000bp. This gel supported that all but 2 transformation 

products were correct.  



 
 

55 

 
 

 

Figure 19. Restriction Enzyme Digest of the pAPP550 Vector Transformation Product. 
Restriction enzyme digest with NotI of the pAPP550 vector transformation product is 
confirmed by with agarose gel electrophoresis in the presence of ethidium 
bromide. These results indicate successful transformation of the miRNA constructs onto 
the ACE targeting vector. 

 In addition to the EcoRV digest, a NotI digest was performed to verify the 

insertion of the GFP-miRNA constructs into the pAPP550 vector. This gel mirrors the 

results from Figure 9 which was the NotI digest of the pLit38attBBSR_EF1AcGFP 

vector-miRNA construct. Just as in the pLit38attBBSR_EF1AcGFP vector, the NotI site 

is downstream of the AcGFP, leading to the isolation of the original miRNA product 

which can be seen in Figure 17. This secondary confirmation restriction digest supported 

the results reported from Figure 18.  
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Figure 20. pAPP550 Vector with miRNA Constructs. Graphic map of the pAPP550 
vector with the miRNA constructs inserted into the EcoRV site. 

PCR Junction Assay 

 

Figure 21. pAPP550 PCR Junction Assay. PCR Junction Assay for the loaded pAPP550 
miRNA constructs onto the platform ACE. Junction primers were used to identify the 
attL and attR junction sites present on the loaded platform ACE and visualized by gel 
electrophoresis in the presence of ethidium bromide. 
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After transfection of the pAPP550 vector-miRNA construct, drug resistant 

colonies were grown up and genomic DNA was isolated. The genomic DNA preps were 

then subject to PCR utilizing with the attL and attR junction specific primers (Table 1) to 

confirm recombination onto the artificial chromosome. This gel is representative of a 

successful transfection and loading of the pAPP550 vector-miRNA construct onto the 

platform chromosome. Both the attL and attR junctions have a strong PCR signal across 

all of the transfection products. These results were representative across both 

transfections performed for the pAPP550 vector, including the reverse transfection. The 

various pAPP550 vectors were successfully recombined onto the ACE chromosome 

across all the miRNA constructs tested. 

TET Regulator PCR 

 

Figure 22. TET Regulator PCR. PCR analysis demonstrating the presences of the TET 

regulator maintained in the Y29-A1 engineering cells after successful loading of the 

pAPP550 GFP-miRNA constructs.  
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 PCR analysis of the isolated clones confirms that the TET regulator has been 

maintained on the artificial chromosome in the loaded Y29-A1 engineering cell line. 

Utilizing the TET regulator primers (Table I) the TET regulator segment was isolated for 

pAPP550 samples of Let-7b, miR124-1, dual, and the vector only constructs. These 

results supported that the TET regulator was maintained on the artificial chromosome and 

the induction system was ready for induction assays.   

Induction Assay 

 

 

Figure 23. Induction Assay of Loaded pAPP550 Vector Constructs. Demonstration of 
on-demand expression of pAPP550 genetically linked GFP-miRNA constructs in the 
Y29-A1 engineering cell line with the addition of doxycycline.  

 Fluorescence and brightfield analyses of the isolated cultured clones confirms the 

doxycycline dependent induction system utilized with the pAPP550 vector. These 
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pictures were taken 96 hours after induction with doxycycline (2 μgmL). All three 

miRNA constructs expressed GFP after the addition of doxycycline. Following this result 

was the analysis of mature miRNA from these constructs with Stem Loop RT-PCR in 

both total cellular RNA and exosome miRNA preparations 

Vector 3: pTOattBHygBGH (pTETOne) 

Vector Preparation 

 

Figure 24. Restriction Enzyme Digest of pTOattBHygBGH Vector.  Restriction enzyme 
digest with NotI of pTOattBHygBGH sample A. The expected band size generated by 
SerialCloner 2.6.1 is 5,612bp. 

This gel displays the NotI restriction digest of the pTOattBHygBGH vector. This 

gel suggested that the pTOattBHygBGH vector had been linearized. This indicated that 

the ACE targeting vector was ready for In-Fusion cloning.  
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Figure 25. pTOattBHygBGH Vector. The TRE3G promoter was utilized to express 
AcGFP which has a downstream NotI site for In-Fusion cloning. Linearization and 
insertion of the miRNA constructs occurred at the NotI site. The attB and HygR 
resistance site are important for loading onto the ACE platform and subsequent selection. 
It is important to note that this vector contains the TET regulator on the vector itself, 
rather than being maintained in the background on the platform ACE as utilized with the 
pAPP550 vector in the Y29-A1 engineering cell line. 

Figure 25 displays the graphic representation of the pTOattBHygBGH vector. It 

is important to note that this vector expression system is regulated and can be induced 

with doxycycline. This vector has a TRE3G promoter which expresses the genetically 

linked AcGFP-miRNA constructs isolated from the engineered 

pLit38attBBSR_EF1AcGFP vector. Downstream of the TRE3G promoter there is a NotI 

site. This is where the vector was linearized for insertion  of the miRNA constructs. The 

Ampicillin resistance site was utilized when growing up the transformation product 

following In-Fusion cloning. As with the pLit38attBBSR_EF1AcGFP and pAPP550 

vector, the attB site allows for integration onto the platform chromosome. Utilizing the 

λINTROK ACE integrase  these vector constructs were recombined into the attP sites on 
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the ACE chromosome. The hygromycin resistance site was also important for selection 

following transfection into the CHO cells and insertion onto  the platform chromosome.  

Construct Preparation 

 

Figure 26. Sybr Green Staining of Genetically Linked AcGFP miRNA Constructs. Sybr 
green staining of PCR product produced with the TOmirVecFor and TOmirVecRev 
primers using the previously engineered pLit38attBBSR_EF1AcGFP vector as the 
template. These results indicate successful isolation of the miRNA constructs from the 
pLit38attBBSR_EF1AcGFP vector. 

 The miRNA constructs were isolated from the sequence verified miRNA 

constructs that were engineered with the pLit38attBBSR_EF1AcGFP vector by utilizing 

primers reported in Table 1 and the standard high fidelity PCR amplification. The 

expected sizes of Let-7b and miR124-1 were approximately 1,500bp while the Dual 

construct was approximately 2,000bp. After the PCR reaction and Sybr green staining of 

the isolated GFP-miRNA construct, the constructs were isolated isolated from the gel  

prior to In-Fusion cloning and transformation. 
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In-Fusion Cloning/Transformation 

 

 

Figure 27. Restriction Enzyme Digest of the pTOattBHygBGH Vector Transformation 
Product. Restriction enzyme digest with NotI of the pTOattBHygBGH vector 
transformation product is confirmed by with agarose gel electrophoresis in the presence 
of ethidium bromide. These results indicate successful placement of the miRNA 
constructs onto the ACE targeting vector. 

 NotI digestion of resulting plasmid constructs verify the insertion of the 

genetically linked GFP-miRNA constructs into the pTOattBHygBGH vector. The extra 

band as compared to the previous NotI digests for the pLit38attBBSR_EF1AcGFP and 

pAPP550 vectors represented in Figure 9 and Figure 19, respectively, is from the internal 

NotI site in-between the AcGFP and miRNA insert.  These results confirm  the successful 

construction  of the newly engineered the pTOattBHygBGH plasmids  and confirmed that 

they are ready for transfection of the pAPP550 vector.   
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Figure 28.  pTOattBHygBGH Vector with miRNA Constructs. Graphic map of the 
pTOattBHygBGH vector with the miRNA constructs inserted into the NotI site. 

 

Transfection 

 

Figure 29. pTOattBHygBGH Transient Transfection.  pTOattBHygBGH transient 
transfection and doxycycline induction in Y29 engineering cell line.  A-E no dox 
conditions. A) Let-7b, B) miR124-1, C) Dual, D) Vector Only, E) Positive Control. F-J 
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with dox conditions. F) Let-7b, G) miR124-1, H) Dual, I) Vector Only, J) Positive 
Control. Microscopy visualized inducible GFP expression from all three miRNA 
constructs pDALet7b-1B (F), pDAmiR124-1-2B (G), pDALet7b-miR124-1-3B (H), and 
positive control (J).  

Figure 29 displays the on-demand expression of the genetically linked GFP-

miRNA constructs from the loaded pTOattBHygBGH vector. This confirmed the 

functionality of the induction-based expression system provided with the 

pTOattBHygBGH vector. These samples were then grown up under hygromycin 

selection. The dual sample was single cell cloned expanded for induction and PCR 

assays.   

PCR Junction Assay 

 

Figure 30. pTOattBHygBGH PCR Junction Assay. PCR Junction Assay for the loaded 
pTOattBHygBGH miRNA constructs onto the platform ACE. Junction primers were used 
to identify the attL and attR junction sites present on the loaded platform ACE and 
visualized by gel electrophoresis in the presence of ethidium bromide. 

After transfection of the pTOattBHygBGH vector miRNA construct, drug 

resistant colonies were grown up and genomic DNA was isolated. The genomic DNA 

preps were then subject to PCR utilizing the the attL and attR primers (Table 1) to 

confirm recombination onto the artificial chromosome. The results in Figure 30 indicates 
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successful transfection and loading of the dual pTOattBHygBGH vector miRNA 

construct onto the platform chromosome. Both the attL and attR junctions have a robust 

PCR signal across the majority of the transfection products. These results indicated 

successful ACE chromosome loading prior induction assays of the loaded miRNA 

constructs. 

Induction 

 

Figure 31. Induction of  pTOattBHygBGH Vector Dual Construct.  Demonstration of on-
demand expression of the pTOattBHygBGH vector genetically linked GFP-miRNA 
constructs in the Y29 engineering cell line with the addition of doxycycline. 

 The results indicated in Figure 31 demonstrate the doxycycline dependent 

induction system with the pTOattBHygBGH vector. Brightfield and fluorescence 

microscopy image acquisition were taken 48 hours after induction with doxycycline (2 

μg/mL). All three miRNA constructs expressed GFP after the addition of doxycycline. 

These results indicate successful loading of these constructs onto the ACE platform 

chromosome with subsequent doxycycline inducible expression.  At this point, 

examination of miRNA expression with Stem Loop RT-PCR testing can be carried out in 

both  cellular and exosome miRNA samples. 
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miRNA Analysis 
 

Stem Loop RT-PCR Assay 

 
 
Figure 32. Stem Loop RT-PCR Assay for the Production of Mature miRNA (Yang et al., 
2014). The Stem Loop RT-PCR Assay begins with reverse transcription with specific 
miRNA stem loop primers to generate cDNA. The last step of this assay is real-time PCR 
with specific forward primers and a universal reverse primer. 
 
Stem Loop RT-PCR Assay: Exosome miRNA 
 

 



 
 

67 

 
 

Figure 33. Stem Loop RT-PCR Analysis of Exosome miRNA. The miR124-1 and dual 
samples were generated with miR124-1 specific primers. The let-7b and dual samples 
were generated with let-7b primers. The dual samples were subject to both miR124-1 and 
let-7b primers to analyze production of both miRNAs from the dual construct. For the 
miR124-1 and dual samples, PCR signals were generated for miR124-1 with 
doxycycline, dual with doxycycline, miR124-1, and dual. For the let-7b and dual 
samples, a PCR signal was observed for all samples (let-7b with doxycycline, vector only 
with doxycycline, dual with doxycycline, let-7b, vector only, and dual). PCR signals 
were not stronger from the samples in the presence of doxycycline. 

The results of these assays were more complicated than expected. After various 

homology searches, it was noted that CHO cells produce endogenous let-7b with the 

same mature sequence. Based on this information, a signal was expected across all of the 

let-7b and dual samples generated from the let-7b primers, however, a stronger PCR 

signal was expected for the let-7b and dual samples in the presence of doxycycline. 

Instead, for the let-7b and dual samples, there is a signal for all of the samples with no 

significant difference in intensity, suggesting this is endogenous CHO let-7b rather than 

miRNA produced from the platform ACE. Analysis of miR124-1 is more complicated. 

Although there is a homolog of miR124-1 produced by CHO cells, there are no PCR 

signals present for the vector only conditions. However, there are signals for miR124-1 

with doxycycline, dual with doxycycline, miR124-1 without doxycycline, and dual 

without doxycycline. These results suggest that endogenous CHO miR124-1 is not being 

packaged into exosomes, while the miR124-1 constructs from the single and dual 

conditions is being produced, but not in an inducible manner. A mechanistic explanation 

of the results from miR124-1 expression will require further testing.  
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Stem Loop RT- PCR Assay: Total Cellular RNA 

 

Figure 34. Stem Loop RT-PCR Analysis of Total Cellular RNA. The miR124-1 and dual 
samples were generated with miR124-1 specific primers. The let-7b and dual samples 
were generated with let-7b primers. The dual samples were subject to both miR124-1 and 
let-7b primers to analyze production of both miRNAs from the dual construct. For the 
miR124-1 and dual samples, PCR signals were generated for the constructs miR124-1 
with doxycycline, vector only with doxycycline, dual with doxycycline, miR124-1, 
vector only, and dual, however, the signal was larger (~200bp) than what was expected 
(~80bp).  For the let-7b and dual samples, a PCR signal was observed for all samples (let-
7b with doxycycline, vector only with doxycycline, dual with doxycycline, let-7b, vector 
only, and dual). Similar to the results from the exosome miRNA stem loop PCR assay, 
PCR signals were not stronger from the samples in the presence of doxycycline. 

Based on the results from the exosome miRNA stem loop RT-PCR of let-7b and 

dual, these results were as expected. Further suggesting that the product generated is 

likely endogenous CHO let-7b. To further complicate analysis of miR124-1, the PCR 

signal generated is much larger than expected. Additionally, in contrast to the exosome 

miRNA analysis, there is a PCR signal for both the vector with doxycycline and vector 

conditions. This may suggest the CHO cells are producing endogenous miR124-1, 

however, it is not getting packaged into exosomes while the miR124-1 from the platform 
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ACE is for undetermined reasons. However, due to the fact that the product is larger than 

expected, a more extensive molecular analysis will be required.   

Analysis miRNA-GFP Primary Transcripts 

 

Figure 35. Schematic of the miRNA-GFP Primary Transcript Analysis PCR Assay. 
Unlike the stem-loop RT-PCR assay, this assay is specific to human miRNA and was 
developed to identify the production primary transcripts from the platform ACE using the 
same primers that were used to isolate the constructs in miRNA construct design. Primer 
sets Let7BFor and Let7BRev and Mir124-1 For and Mir124-1 Rev isolated the let-7b and 
miR124-1 primary transcriptions, respectively, from the single delivery constructs. The 
primer sets miRS1 and miRS4 isolated the full dual miRNA segment from the dual 
construct, while  miRS1/miRS2 and miRS3/miRS4 isolated the miR124-1 and let-7b 
primary transcripts, respectively, from the dual construct. 

 

Figure 36. Analysis of miRNA-GFP Primary Transcripts from the Single Delivery 
miRNA Constructs. This assay confirmed production of the let-7b primary transcript 
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from the artificial chromosome in a doxycycline inducible manner. Production of the 
miR124-1 construct from the artificial chromosome was also confirmed, however, 
transcription of the miR124-1 occurred both without and in the presence of doxycycline.  

  

Figure 37. Analysis of miRNA-GFP Primary Transcripts from the Dual Delivery miRNA 
Construct. This assay confirmed transcription of let-7b and miR124-1 from the dual 
construct, however, transcription of both miRNAs appears to be occurring independent of 
the TET regulatory system.  

The results from Figure 36 and Figure 37 suggest that the miRNA constructs 

form the platform ACE are being transcribed. As expected let-7b produced from the 

single delivery construct is being produced in a doxycycline dependent manner. On the 

other hand, when let-7b is on the same transcript to that of miR124-1 as demonstrated 

with the dual construct, production is no longer doxycycline dependent. Furthermore, 

both the single delivery and dual delivery miR124-1 constructs are being transcribed 

independent of doxycycline. These results suggest the decoupling of miR124-1 from TET 

regulatory system for undetermined reasons.  
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Additionally, these results suggest that the problem in the biogenesis of mature 

miRNA from the platform ACE may be occurring after transcription. Indicating 

production of mature miRNA from the engineered constructs may be secondary to issues 

with CHO miRNA processing machinery rather than that of the platform ACE itself.  
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 CHAPTER 4 
  

DISCUSSION 
  

The purpose of this project was to bioengineer the ACE platform chromosome for 

the production of miRNA. This study explored a variety of different vectors with unique 

expression systems to identify the most effective engineering strategy to produce miRNA 

from an artificial chromosome. To our knowledge, this is the first time artificial 

chromosomes have been utilized in the production of miRNA. 

A vital component in this study was designing not only single miRNA constructs, 

but also exploring the engineering and potential delivery of multiple miRNAs from a 

single construct. The ACE platform chromosome has a long history for the delivery of  

multiple anti-cancer therapeutics and large genomic fragments in both in vivo and in vitro 

experiments. Being that the platform ACE is not limited in carrying capacity, this study 

felt it important to explore the delivery of multiple miRNAs in an effort to lay the 

groundwork in utilizing the platform ACE in the delivery of multiple anti-cancer 

therapeutics. 

         The data from the present study suggests that constituently activated vectors may 

not be suitable for miRNA production from an artificial chromosome. This was 

demonstrated with the pLit38attBBSR_EF1AcGFP vector. The results of the junction 

PCR assay and what appeared to be silencing after long-term culturing by an 

undetermined mechanism of the genetically linked AcGFP let-7b miRNA transcript 

suggested constituently activated vectors are not a stable expression system for the 
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production of miRNA from the platform ACE. These results lead to exploration of 

inducible expression systems. As compared to constituently activated vectors, inducible 

vectors allow for stable and controlled expression of genetic information. The controlled 

expression of therapeutics in gene silencing therapy is also vital in translational clinical 

applications. Both the pAPP550 and the pTOattBHygBGH vectors function based on a 

TET inducible expression system. These vectors were strategically selected to identify an 

engineering strategy for the successful loading and stable expression of miRNA from the 

artificial chromosome. The results from this project indicated the successful engineering 

of both vectors. The functionality of these systems was not only confirmed with positive 

PCR signals for the junction PCR assay, but also through on-demand expression of the 

AcGFP miRNA transcripts. 

         To further explore the expression of miRNA from the platform ACE, analysis of 

mature miRNA production was carried out with stem loop RT-PCR. This assay was 

performed on exosome miRNA preparations as well as total cellular RNA. The results of 

the stem loop RT-PCR assays suggested that mature miRNA was not being produced 

from the platform ACE. These results supported a previous study which found that CHO 

cells were ineffective in the biogenesis of mature miRNA from non-endogenous sources 

(Klanert et al., 2014). This study utilized a well characterized miRNA expression system 

previously developed and tested utilizing mouse miRNA sequences in mouse P19 cells 

(Chung et al., 2006; Klanert et al., 2014). However, Klanert, G. et al sought to produce 

mature miRNA in CHO cells from mouse derived miRNA sequences and flanking 

segments. Their study, however, did not result in elevated mature miRNA levels. 

Following troubleshooting, they were able to demonstrate the production of mature 
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miRNA from CHO cells after replacing the murine miRNA flanking segments to that of 

CHO origin. In addition, Klanert, G. et al. reported an increase in the primary transcripts 

generated from their mouse derived miRNA constructs and thereby proposed that 

miRNA processing from non-endogenous sources stops after transcription, secondary to 

the transcripts not being recognized by the Drosha/Dgcr-8 complex in CHO cells. This 

study suggests potential importance in the hairpin structure generated by miRNA 

flanking segments. Although miRNA sequences themselves are highly conserved across 

difference species, it has been reported that homology in the flanking segments is much 

lower (Hackl et al., 2012). In consideration of the study at present and that performed by 

Klanert, G. et al., this principle has now been demonstrated with both human and mouse 

miRNAs, respectively. Furthermore, suggesting that the flanking regions are species 

specific and must be engineered accordingly or engineered in species specific cell lines. 

These results are compelling seeing as CHO cells are widely accepted and utilized for 

production of many other therapeutic biological agents such as proteins, antibodies, and 

other anti-cancer factors (Kim, Kim, & Lee, 2012).  

To further investigate the lack of human miRNA processing in CHO cells, 

analysis of the primary human AcGFP-miRNA transcripts was carried out. Analysis of 

miRNA-GFP primary transcripts supported the notion that miRNA transcription was 

occurring and present in the primary transcript, however, further processing to generate 

mature miRNA was disrupted. Thus, the present study reports the successful transcription 

of primary miRNAs from the platform ACE. While also confirming the findings reported 

by Klanert, G. et al in that the lack of miRNA processing may be due to an 

incompatibility between non-endogenous expressed miRNAs with CHO miRNA 
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processing machinery. In the case of miR124-1, the sequence was decoupling expression 

of miRNA from the doxycycline inducible transcript by an unknown mechanism. This 

study indicated that the human miR124-1 sequence may be refractory in CHO cells, 

further implicating the importance of the use of species specific cell lines. Furthermore, 

the results from the present study confirm that human miRNA can be engineered onto the 

ACE platform contained in CHO cells.  However, to produce a mature product, the 

miRNA engineered ACE platform will need to be subsequently transferred into a human 

cell line. 
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CHAPTER 5 
  

CONCLUSION  
 
         In summary, this project explored the use of artificial chromosomes in the 

production of miRNA for potential therapeutic applications. With no published protocols 

for the engineering of artificial chromosomes to produce miRNA, a variety of expression 

systems were explored to identify the most stable system for miRNA production. In 

doing so, engineering strategies were identified that were unsuccessful while others were 

found to stably produce miRNA transcripts from the artificial chromosome. In this 

regard, careful consideration is required when selecting vectors for miRNA expression.  

It was found that constituently activated systems may lead to silencing of the genetically 

linked GFP-miRNA transcript due to an undetermined mechanism, and that an inducible 

based system may be more suitable for the stable production of miRNA. This project 

represents the first time that primary miRNA transcripts have been produced from an 

artificial chromosome. Although all three miRNA constructs demonstrated transcription 

from the chromosome, only the single delivery let-7b construct expressed primary 

miRNA transcripts in an inducible manner. In addition, this project supports previous 

reports that CHO cells may be unable to efficiently carry out the biogenesis of mature 

miRNA from differing species, following production of the miRNA transcript. To that 

end, this project suggests that CHO cell-based systems have limited manufacturing 

capabilities for therapeutic production of miRNA. Furthermore, the engineering, 
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expression, and production of miRNAs for exosome delivery may require species-

specific cell lines.  
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CHAPTER 6 

FUTURE DIRECTIONS 
  
         Although this project is fundamental to the eventual utilization of artificial 

chromosomes in miRNA cell mediated therapy, there is still research that needs to be 

explored. The overall objective of this project was to determine if artificial chromosomes 

can be engineered to produce miRNA and to identify the best engineering strategy for 

production of miRNA from an artificial chromosome. However, studies still need to be 

set forth to determine the effectiveness of this as a potential therapeutic for glioblastoma. 

First and foremost, the engineered artificial chromosomes for the production of miRNA 

needs to be transfected into human cells. In that regard, the future direction of this study 

will be to isolate the loaded chromosomes with the genetically linked AcGFP miRNA 

constructs and transfect them into human mesenchymal stem cells. Only then can the 

production of mature miRNA from the chromosome be verified. To do this quality 

assessment/quality control with the stem loop RT-PCR assay will be performed. Once 

miRNA production from the hMSCs is verified, the next objective would be to identify if 

hMSCs engineered to secrete miRNAs have therapeutic effects on glioblastoma cells. 

This experiment will be multifaceted. First, the glioma cells will be transfected with a 

dual luciferase reporter engineered with complements of known mRNA targets of let-7b 

and miR124-1. Following transfection of the reporter vector, co-culture assays will be 

performed with the glioma cells and hMSCs containing the artificial chromosome. SRB 

assays will then be carried out to quantify cell proliferation. This experiment would allow 



 
 

79 

 
 

for the analysis of the interaction of the miRNAs with the glioma cells as well as for the 

evaluation of this as a potential therapeutic.  If effective, the potential of artificial 

chromosomes in cell mediated miRNA targeted therapy is immeasurable. With such a 

large carrying capacity, there would theoretically be space to not only correct 

dysregulated miRNAs that characterize the pathogenesis of a given disease, but also other 

anticancer factors as well. By taking this multi-therapeutic approach, hMSCs can be 

tailored to target multiple aberrant processes that characterize specific diseases. In 

closing, this project has demonstrated the successful transcription of primary miRNAs 

from the artificial chromosome and suggests that further processing of the miRNAs 

should be carried out in species specific cell lines. Up until this point, the potential use of 

artificial chromosomes in miRNA targeted therapy had been overlooked, however, this 

project has laid the groundwork necessary for their further exploration in the delivery of 

therapeutic miRNAs.  In addition, this work was vital to the future use of artificial 

chromosomes for therapeutic miRNA production and, as such, has the potential to 

circumvent many of the complications associated with miRNA mimics and viral vectors.  

Together with the risks and limitations associated with current miRNA targeted therapy 

as well as the refractory nature of glioblastoma to current therapeutic paradigms, the 

results of this study suggests that artificial chromosomes can provide, after further 

optimization, a unique and personalized genetic approach to glioma therapy. 
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