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ABSTRACT OF THE THESIS 

 

 

Mitochondrial microRNAs, Human Diseases, and Efforts to Improve the Analysis of 

Mitochondrial DNA Polymorphisms 

 

by 

 

Sung Mo Yeon 

Master of Science in Biology 

University of California San Diego, 2020 

Professor Joseph Ecker, Chair 

Professor Jim Kadonaga, Co-Chair 

  

 MicroRNAs (miRNAs) are important post-transcriptional regulators for gene expression. 

Currently, all of the characterized miRNAs are assumed to be transcribed exclusively from the 

nuclear genome. We characterize a novel microRNA which is solely transcribed from the 

mitochondrial genome, what we refer to as a mitochondrial microRNA (mito-miRNA). We 

investigate the effects that single nucleotide polymorphisms (SNPs), in the pre-miRNA region of 
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the candidate mitochondrial miRNA, have on levels of mature miRNA across various ethnicities 

and families. Our findings potentially present new mechanisms for mitochondrial diseases as 

well as possible negative effects in gene regulation caused from SNPs in mitochondrial DNA 

(mtDNA). This supports the increasing need to identify these mtDNA variants in an accurate 

manner, especially since heteroplasmy of mtDNA can exist in single-cell levels. The essential 

role of mtDNA for mammalian life is clear due to its role in bioenergetics and protein synthesis. 

Disruption of these vital biological functions are often caused by mutations and have been linked 

to many diseases ranging from neurodegeneration to cancer. To better understand the 

relationship between these mutations and diseases, as well as mito-miRNAs, we develop a more 

high-resolution and error-free technique named SCAMP-seq (Single-Cell Analysis of 

Mitochondrial DNA Polymorphisms Sequencing). This paper details SCAMP-seq  – an 

innovative strategy to purify, tag, amplify, and sequence each copy of full-length mtDNA in 

single cells. We suggest a novel strategy to both remove contaminants and uniquely barcode 

each mtDNA molecule within a single cell to analyze mtDNA mutations with high-throughput 

and accuracy. 
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CHAPTER 1: Mitochondrial microRNA 

 

INTRODUCTION 

Biogenesis of nuclear microRNAs 

 MicroRNAs (miRNAs) are small non-coding RNAs responsible for post-transcriptional 

silencing and play a vital role in the development of mammals (Bartel, 2004). Due to the large 

role miRNAs have in regulatory functions, its dysregulation is often linked to human diseases 

and cancer (Ha and Kim, 2014). The biogenesis of miRNAs in mammals begins in the nucleus 

with transcription from RNA polymerase II forming a hairpin structure, than can span over 1 kb, 

called the primary miRNA (pri-miRNA) (Ha and Kim, 2014). The pri-miRNA is recognized by 

the Microprocessor – a complex composed of Drosha, a nuclease in the RNase III family, and 

cofactor DGCR8 (also referred to as Pasha in D. melanogaster and C. elegans) (Denli et al., 

2004). This complex initiates a RNase III-mediated cleavage on the pri-miRNA, producing a 

two-nucleotide 3’ overhang on a ~70 bp double-stranded RNA (still in hairpin structure) called 

the pre-miRNA (Denli et al., 2004; Ha and Kim, 2014). This pre-miRNA associates with 

Exportin-5 and high levels of RanGTP to get transported from the nucleus to the cytoplasm, 

where lowered levels of RanGTP allow Exportin-5 to release the pre-miRNA (Lund, 2004). 

Another member of the RNase III family, Dicer, recognizes and simultaneously binds to the 5’ 

and two-nucleotide 3’ overhang of pre-miRNA. Dicer recruits trans-activation response RNA-

binding protein (TRBP) and further cleaves pre-miRNA to form a ~22 bp RNA duplex (Ha and 

Kim, 2014). This microRNA duplex is loaded onto an argonaute (AGO) protein and the RNA-

induced silencing complex (RISC) is formed. The RISC separates the passenger strand from the 

duplex miRNA and the mature miRNA is now available to guide the RISC to a target site on 
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mRNA. The “miRNA seed”, the second through fifth nucleotide on the 5’ end of the miRNA, is 

the critical sequence on mature miRNA that binds to the 3’ UTR of target mRNA, leading to 

translation inhibition or mRNA degradation (Ha and Kim, 2014).  

Status quo on microRNAs and relation to mitochondria 

 The biogenesis of canonical miRNAs in current literature all favor the processing of 

microRNAs originating from nuclear transcription (Bartel, 2004; Ha and Kim, 2014; Starega-

Roslan, 2011). In the miRBase database, the primary repository for registered miRNAs, there are 

38,589 miRNA entries and information on 271 organisms as of release 22.1 

(http://www.mirbase.org). There are 1,917 homo sapiens precursor miRNAs (as of release 22.1) 

and all entries of the human miRNAs are mapped exclusively to the nuclear genome. However, 

there have also been studies where miRNAs have also been found within microvesicles (Zhang 

et al., 2010) and mitochondria (Barrey et al, 2011; Das et al. 2012; Kren et al. 2009). Due to the 

essential role of mitochondria in oxidative phosphorylation, apoptosis, and an array of other 

biological functions (Taanman, 1999), the post-transcriptional role that miRNAs may have on 

mitochondrial transcripts is a big topic of interest.  

Several miRNAs from mice, rats, and humans have been located in the mitochondria and 

were identified as nuclear-encoded miRNAs that likely regulate mitochondrial gene expression 

(Barrey et al., 2011; Bian et al., 2010; Das et al., 2012; Kren et al. 2009; Zhang et al., 2014). 

Researchers have validated the localization of nuclear pre-miRNAs and mature miRNAs from 

isolated mitochondria with uncertainties on how nuclear pre-miRNAs ended up in these 

organelles (Barrey et al, 2011). Others have even identified novel miRNAs that are mapped to 

the mitochondrial genome and are computationally predicted to target nuclear and mitochondrial 

DNA, but have not conducted further analysis that explain its biogenesis (Shinde and Bhadra, 

http://www.mirbase.org/
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2014). This raises the question of whether or not these miRNAs were processed within the 

mitochondria or translocated to the organelle. Since other nuclear-encoded RNAs such as tRNA, 

5S rRNA, and ncRNA are already known to be actively transported to mitochondria (Sripada et 

al., 2012), it is primarily believed that nuclear miRNAs are also translocated from the cytoplasm 

to mitochondria (Bian et al., 2010; Kren et al., 2009). However, the mechanism of transport 

remains controversial and poorly understood. In this work, we characterize a family of miRNAs 

that are transcribed from the mitochondrial genome. We describe the sequence, structure, and 

expression of “nvl-mir-412” as a bona fide mitochondrial miRNA (mito-miRNA) that is mapped 

solely to mitochondrial DNA (mtDNA) and is dependent on mtDNA for biogenesis. 

miRNA dysregulation and human diseases 

 A myriad of physiological pathways relies on the regulatory functions of miRNAs to 

control gene expression levels (Hebert and Strooper, 2009). It is clear then that the dysregulation 

of miRNAs and the processes they are involved with can lead to various human diseases. Donors 

with diseases such as schizophrenia and Down Syndrome were shown to have different miRNA 

expression profiles, suggesting altered miRNA biogenesis pathways associated with the diseases 

(Herbert and Strooper, 2009; Perkins et al., 2007). Extensive studies have identified the 

involvement of miRNAs in neuronal and synaptic development, connecting miRNA dysfunction 

to neurodegenerative diseases such as Alzheimer’s and Parkinson’s (Gao, 2007; Hebert and 

Strooper, 2009; Fiore et al., 2008). For example, miR-134 regulates dendritic spine size and 

miR-132 contributes to neuritogenesis; disruptions in these miRNA pathways have mediated loss 

of neuronal functions (Hebert and Strooper, 2009; Fiore et al., 2008). The expression levels of 

specific miRNAs can even be modulated by other miRNAs. For example, levels of miR-9, an 

important miRNA for neural progenitor proliferation, is downregulated through miR-107 
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interaction with Dicer (Ristori et al., 2015). Several miRNAs have also been well-established to 

be associated in cancer; the let-7 miRNA family directly regulates RAS and are speculated to be 

tumor suppressors or oncogenes (Hebert and Strooper, 2009; Johnson et al., 2005). 

Many of the miRNA-associated diseases are linked to single nucleotide polymorphisms 

(SNPs) either on the target sites for miRNAs or on the miRNAs itself (Sethupathy and Collins, 

2008). It is possible for a SNP in the 3’ UTR to create a novel seed pairing to a miRNA that was 

not originally associated with its associated mRNA (Saunders and Liang, 2007). For instance, a 

mutation on the 3’ UTR of SLITRK1 can upregulate the interaction of miR-189, which is linked 

to Tourette’s syndrome. SNP rs93410170 [C/G] enhances the targeting of miR-206 and 

downregulates ERa, a gene that is overexpressed in breast cancer (Sethupathy and Collins, 

2008). On the other hand, SNPs in the miRNA can also cause a loss of function and lead to an 

increased expression of a target gene, an effect seen when miRNAs act as an oncogene or 

develop drug resistance (Reddy, 2015). Due to the relationship of numerous human diseases and 

SNPs in miRNA and miRNA targets, it will be important to characterize the effects of SNPs to 

elucidate how they affect miRNAs in both biogenesis and disease pathways.  

Given miRNAs involvement in several diseases, the existence of mito-miRNAs opens an 

array of new biological questions on how these mito-miRNAs regulate human diseases, 

especially mitochondrial diseases. There is a concern for this lack of knowledge because 

mtDNAs are known to be especially vulnerable to mutations from reactive oxygen species 

(ROS), random somatic mutations, and a weak repairing system, (Phillips et al. 2014; Schapira, 

2006). Although the relationship of mito-miRNAs, variants, and diseases are yet unknown, we 

address the importance for continued research to facilitate our understanding in this field.  
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RESULTS 

Nvl-miR-412 is downregulated when mitochondrial transcription is inhibited 

After culturing H1 cells with ethidium bromide (EtBr), a chemical that specifically 

intercalates in mitochondrial DNA to inhibit transcription and create Rho-Zero cells (Hayakawa 

et al., 1998; Zylbee et al.,1969), the purified RNA was tested for levels of several miRNAs and 

house-keeping genes. With 1 ug/ml EtBr treatment for 24 hours, the levels of nvl-mir-412 are 

reduced (P = 0.0006) while levels of nuclear miRNAs (hsa-mir-520d and hsa-mir-628) are not 

(Figure 1.1A). Similar effects are seen with the miRNAs when the H1 cells are treated with 0.2 

ug/ml EtBr for 48 hours (P = 0.0005) (Figure 1.1A). The variables for the experiment were kept 

the same for validating levels of house-keeping genes on the nuclear and mitochondrial DNA. 

Levels of two mitochondrial genes, ND1 and ND5, were lowered with EtBr treatment, while 

levels of all the tested nuclear genes (GAPDH, ACTB, and UBC) were the same or increased, 

suggesting that mitochondrial transcription was halted (Figure 1.1B).  

 

Figure 1.1: qRT-PCR validation on ethidium bromide-treated H1 hESCs 

(A) Levels of nvl-mir-412, has-mir520d, and has-mir-628 were validated before and after ethidium bromide 

treatment. There is a reduction in levels of nvm-mir-412 after treatment of 1 ug/ml EtBr after 24 hours (P = 0.0006) 

as well as 0.2 ug/ml EtBr after 48 hours (P = 0.0005). The nuclear encoded miRNAs remain unchanged. (B) 

Mitochondrial DNA house-keeping genes are depleted after EtBr treatment for 24 and 48 hours, but nuclear house-

keeping genes either stay the same or increase. 
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miRNA expression in multiple human tissues  

Ten tissues from five donors in the GTEx project were observed to test for various 

miRNA expression analysis. The RNA was isolated from each tissue and tested for quality. After 

small RNA-seq (smRNA-seq), mostly with other replicates of the same tissue, we assessed each 

of the tissues for its miRNA expression profiles using 2,791 miRNA sequences and normalized 

with RPM (Figure 1.2). The smRNA-seq data from the ten tissues were also analyzed to identify 

the expression levels of nvl-mir-412 isomers and compared to the mean expression levels of 

nuclear miRNAs in the same tissue (Figure 1.3). The tissues that had nvl-mir-412 isomers with 

noticeably higher expression levels than the nuclear-encoded miRNAs were adrenal, heart, and 

muscle tissue (Figure 1.3). 

 

 

Figure 1.2: Hierarchical clustering of miRNA expression across ten tissues.  

Clustering of 2,791 miRNAs in 10 tissues with replicates from five donors to detect expression levels and 

normalized with RPM. 
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Figure 1.3: Mean expression levels of nvl-mir-412 isoforms 1-3 across 10 tissues compared to that of nuclear 

miRNAs  

The red circle in each box plot indicates the mean expression levels of the respective nvl-mir-412 isoform. The 

horizontal black line in each box indicates the mean expression level of nuclear miRNA for the same tissue. 10 

tissues were tested for, most with 1-3 replicates of tissues.  

 

The effect of single nucleotide polymorphisms in the pre-miRNA regions of nvl-mir-412  

Lymphoblastoid Cell Line (LCL) donors from the 1000 Genomes Project were selected 

according to family groups, ethnicity, and whether or not members of a family were carriers of 

SNPs in the pre-miRNA region of nvl-mir-412. Six different SNPs in the pre-miRNA region of 

nvl-mir-412 were identified and obtained for our cohort (Figure 1.4A). The effect that these 

SNPs have on the pre-miRNA structure was analyzed using the mfold web server (Zuker, 2003) 

and several alternative structures were found (Figure 1.4B). We grouped the LCLs into family 

and within each family, the fathers did not possess a SNP in the pre-miRNA region of nvl-mir-

http://unafold.rna.albany.edu/?q=mfold
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412, while the mother and children were carriers of the same SNP (Figure 1.5). Total RNA was 

purified from the LCLs and RNA of good quality were used for smRNA-seq; each family was 

evaluated to detect levels of the mature nvl-mir-412 (Figure 1.5). Mature nvl-mir-412 expression 

levels were highest in the father of each family, except for family 5, while all carriers (mother 

and children) of SNPs in their pre-miRNA region had lowered levels of mature nvl-mir-412 

(Figure 1.5). When looking at another group that is not composed of a family, but rather a mix of 

donors from different ethnicities, each of the SNP carriers also had lowered levels of mature 

miRNA compared to the average levels of fathers from family 1-4 (Figure 1.5). 

 

Figure 1.4: Identification of six different single nucleotide polymorphisms on the pre-miRNA region of nvl-

mir-412 

The pre-miRNA structure of nvl-mir-412 is depicted. The red/green circles are the predicted stem loops that will 

likely be the sequence of the mature miRNA. (A) The nucleotide locations of each of the six SNPs are denoted by 

the blue arrow. The LCL number, ethnicity, and gender of the donors who carry the SNPs are highlighted in yellow. 

(B) Predictions of the alternate structures that are likely to be generated as a product of each of the six SNPs. 
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Figure 1.5: High-throughput analysis of small RNA-seq from LCL donors to assess effects of 6 different SNPs 

on nvl-mir-412 

This cohort consist mainly of five families, all from different ethnicities, where the mother and children are carriers 

of a SNPs in the pre-miRNA region of nvl-mir-412, while the father is not. One group consists of diverse ethnicities, 

where each member is not part of the same family. Legend for the abbreviations are listed at the bottom of Figure 

1.4A. 

 

DISCUSSION 

Identification and support for the first mitochondrial miRNA 

The accepted biogenesis for all miRNAs has traditionally started within the nucleus, 

where RNA Polymerase II binds to regions on the nuclear genome to begin miRNA processing 

(Bartel, 2004; Ha and Kim, 2014; Starega-Roslan, 2011). Since the first discovery of miRNAs in 

Caenorhabditis Elegans in 1993 (Lee et al., 1993) to the 38,589 miRNA entries on release 22.1 

of miRBase (http://www.mirbase.org), the importance of miRNAs and its regulatory functions 

have become increasingly clear. However, there are still many qualities of miRNAs that raise 

questions and are unknown. More researchers have began questioning the roles miRNAs have 

http://www.mirbase.org/
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with mitochondria (Bian et al., 2010; Das et al., 2012; Kren et al. 2009; Zhang et al., 2014), and 

some have even speculated whether these miRNAs can be processed within the mitochondria 

(Barrey et al, 2011; Shinde and Bhadra, 2014). Shine and Bhadra (2014) have even 

computationally identified six novel miRNAs that were aligned to the mitochondrial genome, but 

all their candidate miRNAs also showed high homology to nuclear targets, leaving uncertainty 

on how the miRNA candidates actually appeared in the mitochondria and where it was made.  

Our group had identified a miRNA named nvl-mir-412 that is transcribed exclusively 

from the mitochondrial genome and referred to as a mitochondrial miRNA (mito-miRNA). To 

support this, we inhibited mitochondrial DNA transcription and replication on H1 cells using 

ethidium bromide and ensured that protein-coding genes from the nuclear genome were not 

negatively affected (Figure 1.1). When mitochondrial DNA transcription was halted, levels of 

nvl-mir-412 were considerably decreased while levels of nuclear-encoded miRNAs remained the 

same, suggesting that mitochondrial DNA is necessary for the processing of nvl-mir-412 (Figure 

1.1). Through computational analysis, it was also determined that nvl-mir-412 was associated 

with proteins that are involved in nuclear miRNA biogenesis and found that both pre-nvl-mir-

412 and mature nvl-mir-412 are associated with Argonaute 1-4, Dicer, and Drosha (data not 

shown). This may suggest that mito-miRNAs have similar biogenesis pathways that nuclear-

encoded miRNAs have, albeit transcribed from the mitochondrial genome.  

SNPs in mitochondrial miRNAs may contribute to mitochondrial diseases 

 Small RNA-seq data from diverse tissues from the GTEx project show abundant 

expression levels of nvl-mir-412 isomers in mitochondria-rich tissues like adrenal, heart, and 

muscle (Figure 1.3). This supports that nvl-mir-412 are largely associated with mitochondria and 

makes sense that there are high expression levels in these tissues if the mitochondria are 
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responsible for mito-miRNA biogenesis. Since the mitochondrial genome is highly susceptible to 

mutations (Phillips et al. 2014; Schapira, 2006), we wondered if variants caused any adverse 

effects. To answer this, we investigated how single nucleotide polymorphisms (SNPs) in pre-

miRNA regions of nvl-mir-412 affect levels of mature miRNAs in LCLs (Figure 1.4, 1.5). We 

identified six SNPs across several family groups and ethnicities, and found that these SNPs alone 

can create completely different structures than the putative hairpin model for pre-miRNAs 

(Figure 1.4B). It may be possible that these alternative structures are interfering with the 

maturation process of miRNAs. For example, these altered structures may not allow Drosha to 

recognize the proper base of the primary stem loop or Dicer to properly recognize the 5’ and 

two-nucleotide 3’ overhang of pre-miRNA (Bartel 2004; Denli et al., 2004). As seen in previous 

studies, improper interactions from key proteins like Dicer can downregulate miRNA biogenesis 

(Ristori et al., 2015).  

 Within each selected family in our cohort, the father was not a SNP carrier for nvl-mir-

412, but the mother and children of each family had the same SNP (Figure 1.5). This also 

supports the existence of mito-miRNAs because mtDNA is believed to be maternally inherited 

(Taylor and Turnbull, 2005) and logically explains why the children in each family have the 

same SNPs as their mothers. Through collecting small RNA data from over thirty donor LCLs 

with selective SNPs in their mitochondrial DNA, we were able to link SNPs in pre-nvl-mir-412 

to lowered levels of its mature nvl-mir-412 across multiple ethnicities (Figure 1.5). Although we 

do not yet know what the consequence of the lowered mature miRNAs are, our findings present 

another potential mechanism for mitochondrial diseases. To further understand how these SNPs 

may contribute to diseases, we must develop tools to increase the resolution of mtDNA analysis 

and identify the SNPs that exists accurately. 
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METHODS 

qRT-PCR 

Up to 10 million cells were harvested and the RNA was purified using a miRNA isolation 

kit (mirVana #AM1560) according to the manufacturer’s instructions. Two control miRNA 

probes, hsa-miR628 and miR520d-3p, were ordered from the TaqMan miRNA assay (TaqMan 

#4427975) and a custom probe was ordered to detect mito-miRNA nvl-miR-412 (TaqMan 

#4440418). The RNA was converted into cDNA with a miRNA Reverse Transcription Kit 

(TaqMan #4366596). Then using the TaqMan Universal Master Mix II, no UNG (TaqMan 

#4440040) and the miRNA probes, qRT-PCR was performed according to the manufacturer’s 

instructions.  

Donor sample selection 

To analyze the miRNA expression in a variety of tissues, we obtained total RNA from ten 

different tissues of five donors from the GTEx Project. We ensured that each sample passed 

RNA-seq quality metrics such as having an RNA integrity score above 8, acceptable ischemic 

times, and the same cause of death for each donor. Phenotypic features such as age, ethnicity, 

and body mass index were selectively chosen to represent a large range of diversity to better 

assess the landscape of miRNA expression profiles. If passing all the quality metrics, the total 

RNA isolated from these tissues were used to prepare smRNA-seq libraries and this data was 

used for analysis.  

The Lymphoblastoid Cell Lines were obtained from the NHGRI Repository of Coriell 

Institute for Medical Research and patient data is available through the 1000 Genomes Project 

(https://www.internationalgenome.org/data). We identified six different single nucleotide 
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polymorphisms on the pre-miRNA region of nvl-mir-412 and obtained LCLs in family groups 

that had members that were both carriers and noncarriers of these SNPs. The samples obtained 

consisted of a diverse mix of ethnicities.  

Cell Culturing of LCLs 

LCLs were obtained from the Coriell repository. The maintenance of LCLs were in 

RPMI 1640 medium with L-Glutamine (Gibco #11875085) and 15% fetal bovine serum 

(Biowest #S1620). All cells were kept at 37°C under 5% carbon dioxide. The LCLs were thawed 

in T25 flask but were passaged every 3 or 4 days at a seed density of ~300,000 cells/ml. When 

passaging, the cells were spun down at 1,500 RPM for 5 minutes and moved to bigger flasks 

when cells were too populated. Cells were stained with Trypan Blue (Gibco #15250061) and 

counted on the TC20 automated cell counter (Bio-Rad). 

Small RNA-seq library preparations 

 Tissues from the GTEx project were homogenized with a mortar and pestle using liquid 

nitrogen. When using mammalian cells, up to 10 million cells were harvested for each RNA 

isolation column. The total RNA was isolated using the RNeasy mini kit (Qiagen #74106), 

adjusting for reagents when using more cells. We used a modified version of the smRNA-seq 

protocol from Lee and colleagues (2015) that included a larger gel cut to include pre-miRNA 

structures and larger adjustments for reagents used accordingly to the mass of the gel.  
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CHAPTER 2: Single-Cell Analysis of Mitochondrial DNA 

Polymorphisms Sequencing (SCAMP-seq) 

 

INTRODUCTION 

Heteroplasmy of mitochondrial DNA 

The mitochondria genome is a ~16.6 kb circular, double-stranded DNA that encodes 13 

polypeptide genes that form the respiratory chain and 24 RNA genes vital for mitochondrial 

protein synthesis (Chinnery and Turnbull, 1999; Wallace, 1999). These genes are involved in 

many metabolic pathways and are necessary for oxidative phosphorylation, providing the energy 

needed for mammalian survival (Schapira, 2006). Mitochondrial DNA (mtDNA) only accounts 

for around 1% of all DNA in a cell but is present in thousands of copies per cell (Chinnery and 

Turnbull, 1999; Taanman, 1999). In a single cell, there is ~6 pg of total DNA while there is only 

~0.045 pg of mtDNA (Baumer et al., 2018; Michaels et al., 1982). Although most mtDNA 

copies are identical (homoplasmy) (Schapira, 2006), each copy of the mtDNA genome can 

potentially mutations and co-exist with other mtDNA copies that contain a whole different set of 

mutations; the presence of multiple mtDNA genotypes is a phenomenon called heteroplasmy 

(Lightowlers et al., 1997). Levels of heteroplasmy of mtDNA can differ greatly among tissue 

types; for example, the frequency of just one mutation (16093T>C) within an individual was 

found to be 0% in the muscle while 100% in the liver, with a spectrum of other frequencies in six 

other tissues (Naue et al., 2015). In addition to heteroplasmic ratios differing in tissues, it is also 

known that heteroplasmy may differ in neighboring cells and even mitochondrial organelles 

within a single cell (Taylor and Turnbull, 2005). MtDNA is believed to be maternally inherited 
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based on a genetic bottleneck model where a few randomly selected mtDNA copies are 

transferred into oocytes (Naue et al., 2015; Taylor and Turnbull, 2005). Maternal inheritance can 

often lead to heteroplasmic combinations of wild type mtDNA and mutated mtDNA, which can 

replicate in high proportion of polymorphism (Schapira, 2006). Moreover, mtDNA molecules 

can accrue a higher variability of heteroplasmy from somatic mutations that frequently form 

throughout one’s lifetime (Taylor and Turnbull, 2005). The mtDNA is especially prone to 

mutations due to a lack of protective histones and inadequate mitochondrial repairing system, 

especially when compared to the nuclear repairing system, making it an easy target for damage 

from reactive oxygen species (ROS) (Phillips et al. 2014). Both inherited and somatic mutations 

add to the large accumulation of diverse mutations and can create a unique heteroplasmy for 

each individual (Lightowlers et al., 1997). 

Mitochondrial diseases 

Understanding the polymorphisms of mtDNA that exists in an individual is crucial 

because these mutations can cause mitochondrial defects (Schapira, 2006). Because 

mitochondria are so essential to an organism’s livelihood, mutational damage to these organelles 

are closely linked to many serious health problems. Some problems are maternally inherited such 

as Leber’s Hereditary Optic Neuropathy (LHON), a common mitochondrial disease that causes 

blindness (Wallace, 1999), and Myoclonic Epilepsy and Ragged-Red Fibre Disease (MERRF), a 

point mutation disease that causes epileptic symptoms (Shoffner, 1996). Other mitochondrial 

diseases, like Kearns-Sayre Syndrome (a disease characterized by progressive external 

ophthalmoplegia and pigmentary retinopathy), are caused by somatic mutations after the oocyte 

fertilizes (Shoffner, 1996). Additionally, somatic mutations in mtDNA have been highly linked 

to neurodegenerative diseases like Alzheimer’s and Parkinson’s because the same symptoms 
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have been caused through oxidative phosphorylation damage (Schapira, 2006). All these health 

concerns/diseases may be a consequence from the disruption of oxidative phosphorylation and 

proper mitochondrial biogenesis, causing negative effects like apoptosis and oxidative stress 

(Stewart and Chinnery, 2015; Wallace, 1999) Studies have shown that that the majority of people 

with these mitochondrial and neurodegenerative diseases exhibit high proportions of 

heteroplasmy (Johns, 1995; Lightowlers et al, 1997; Schapira, 2006). In some cases, the disease 

is contingent on the frequency of a certain heteroplasmy. For example, in the 3243A>G mutation 

of mtDNA transfer RNA Leu(UUR), a ~10-30% mutation can cause diabetes, ~50-90% can lead 

to encephalomyopathies, and 100% can even result in death (Picard et al., 2014). Because these 

findings are not yet fully understood (Jayakaprash et al., 2015), it is important to continue 

improving ways to sequence these mtDNA mutations precisely at high resolutions. By properly 

identifying the polymorphisms of mtDNA, better biological connections can be made between 

mtDNA mutations and related health issues; this can potentially improve diagnosing, counseling, 

and personalized medicine for carriers of mtDNA-related diseases (Shoffner, 1996).  

Improving the resolution of mitochondrial DNA analysis with SCAMP-seq 

 Multiple techniques for analyzing the mutations of the mitochondrial genome already 

exist (Marquis et al, 2017) but contain flaws that prevent a more accurate analysis (Kraytsberg et 

al, 2007; Yao et al., 2007). For example, deep-sequencing of the mitochondrial genome in a 

bulk-cell quantity fails to account for the unequal distribution of polymorphisms on the mtDNA 

because the sequence is measured from the average of multiple cells (Kraytsberg et al., 2007). 

Since mtDNA heteroplasmy can be disproportionate in cell type and between individual cells, 

there is an increasing need to analyze the mtDNA mutations at a single-cell resolution. A cell-by-

cell analysis would depict a more specific linkage when associating a mutation to a disease 
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because it would allow one to compare mutational differences between cells that often get 

ignored in bulk-cell sequencing (Kraytsberg et al., 2007). The importance for single-cell analysis 

of polymorphisms has been widely recognized and several new approaches have been published 

since (Payne et al., 2015; Shin et al., 2004). However, many single-cell methods still fail to 

account for some factors that can deter the proper analysis of heteroplasmy such as removing 

contamination from the nuclear genome (Shin et al., 2004). These contaminants, known as 

nuclear mitochondrial pseudogenes (Numts), are nuclear DNA sequences that contain 

homologous copies from the mitochondrial genome and are often misinterpreted as authentic 

mtDNA data (Bensassan et al., 2001; Yao et al., 2007). Previous studies have also introduced 

artifacts using amplification methods such as long-range PCR (Nekhaeva et al., 2002) and 2-step 

nested PCR (Payne et al., 2015; Taylor et al. 2001), which are both increasingly error-prone with 

each amplifying cycle number (Kraytsberg et al., 2007; Li et al., 2010). Each of these factors can 

decrease the integrity and accuracy in sequencing mtDNA.  

To avoid such biases in data, we have developed SCAMP-seq (Single-Cell Analysis of 

Mitochondrial DNA Polymorphism Sequencing), a method for sequencing full-length mtDNA in 

single cells. SCAMP-seq removes Numts contamination with Exonuclease V digestion; this 

strategy has shown to remove Numts effectively in a previous study (Jayaprakash et al., 2015). 

Exonuclease V is an enzyme known to degrade linear DNA and allows circular DNA, like 

mtDNA, to be left unaltered (Palas and Kushner, 1990). This approach breaks down the nuclear 

genome and prevents Numts from being detected in downstream applications. To avoid artifacts 

from being generated through PCR, SCAMP-seq utilizes Rolling Circle Amplification (RCA) to 

amplify the mtDNA. RCA is an isothermal process that uses a circular template and Phi-29 

(Φ29) polymerase to replicate the template with strand-displacement activity (Ali et al., 2014). It 
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can amplify a template 10,000 folds within hours and is an increasingly popular replication 

technique being used in research due to its efficacy of a more error-free amplification compared 

to other methods like PCR (Ali et al., 2014; Dean et al., 2001). 

 By effectively removing contaminants and taking advantage of techniques like RCA, we 

want to design a workflow that will effectively isolate, amplify, and sequence each mtDNA copy 

within an individual cell. Additionally, we want to increase the throughput of data by uniquely 

identifying each copy of mtDNA apart from another; this is a novel strategy that has not been 

accomplished before to the best of our knowledge. SCAMP-seq separates single mammalian 

cells with fluorescence-activated cell sorting, uses Exonuclease V to clear Numts, linearizes each 

mtDNA with digestion enzymes, and ligates custom hairpin adaptors (CHAs) in a dumbbell 

probe manner seen in previous studies (Figure 2.1) (Zhou et al., 2010). This ligated hairpin 

adapter will both uniquely tag each mtDNA copy and structurally form a closed, stem-looped 

molecule. Adapter-ligated copies can then be targeted with RCA and the amplified products get 

digested to form full-length mtDNA fragments. All the mtDNA fragments in a cell will receive 

another molecular index during library preparations, and long-read sequencing will ensue. We 

hope that this novel workflow for sequencing the full-length mtDNA copies will provide a more 

accurate analysis of studying mtDNA polymorphisms within single cells, help relate the 

heteroplasmy in cells to mitochondrial function, and decrease the errors existing in current 

strategies. 
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RESULTS 

Sorting single cells based on heteroplasmy and phenotype 

 As the first step of SCAMP-seq (Figure 2.1), the bulk quantities of cells will be sorted 

into single cells based not only on heteroplasmy, but also mitochondrial function. We assess the 

phenotype of the mitochondria using MitoTracker Green (MTG) and TMRM. Figure 2.2A shows 

the results of MTG staining alone, which measures the mitochondrial mass by fluorescently 

staining all mitochondria organelles. On the other hand, TMRM is a dye that will only stain the 

mitochondria if there is an active membrane potential (Creed and McKenzie, 2019) and TMRM 

was tested alone on cells as well (Figure 2.2B). After MTG and TMRM were tested 

independently (Figure 2.2A,B), both were used to stain 75K and 100K cells (Figure 2.2C,D). The 

co-staining is normalized by taking the mitochondrial function over the mitochondrial population 

and this ratio will be used to separate cells based on phenotype (Figure 2.2C,D).  

 
Figure 2.1: General workflow of SCAMP-seq 
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Figure 2.2: Sorting of mitochondrial phenotype on single cells 

(A) MitoTracker Green (MTG) alone with 75,000 cells. MTG goes into all mitochondria to measure how much are 

in the cell (mitochondrial mass). (B) TMRM alone with 75,000 cells (this sample ran out before data collection, so 

the number of events is lower). TMRM needs a membrane potential to go into the mitochondria and give off a 

signal. MFI circled in green. (C) MTG and TMRM: density 75K and (D) 100K. Normalize mitochondrial 

activity/health (potential) to the number of mitochondria in the population. 

 

Removal of Numts 

To effectively isolate and amplify mitochondrial DNA, we wanted to remove nuclear 

DNA contamination. The goal of this experiment was to verify that Exonuclease V (NEB 

RecBCD) selectively degrades nuclear DNA and not mitochondrial DNA. We tested the effects 

of Exonuclease V by comparing PCR on total DNA before and after digestions (Figure 2.3). 

Twelve genes, either from the nuclear genome or mitochondrial genome, were targeted for PCR 

amplification using samples with DNA purified from HEK-293T cell lines. Figure 2.2A shows 

the amplicons of PCR from DNA that was not treated with Exonuclease V. All the nuclear and 

mitochondrial genes targeted were detected and amplified.  Every amplicon was near their 

expected size respective to its gene (Jayaprakash et al., 2015), except GAPDH and Mt1. The 

GAPDH gene was expected to be 288 bp, but instead had two distinct amplicons with sizes of 

~95 bp or ~350 bp. The Mt1 gene was expected to be 250 bp, but the amplicon was ~180 bp. The 

anomaly in these sizes may be due to an isoform or an off-target effect; both are common 

problems with PCR amplification (Kraytsberg et al., 2007). The amplicons of all the 
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mitochondrial samples have a more intense band than the nuclear bands. This is most likely 

because the mitochondrial genome is present in thousands of copies, containing more sites to be 

amplified compared to the nuclear genome (Wallace, 1999). Figure 2.3B shows PCR products 

from DNA that was digested with Exonuclease V. None of the targeted nuclear genes were 

amplified, as shown by the lack of bands on the gel. However, all the targeted mitochondrial 

genes were detected. This suggests that the Exonuclease V is effective at degrading the nuclear 

DNA, while leaving the mitochondrial DNA intact.  

 
Figure 2.3: PCR of various nuclear and mitochondrial genes before and after Exonuclease V digestion 

Six nuclear genes and six mitochondrial genes were targeted for PCR and the amplicons were run on 2% agarose 

gel. All PCR was done on the same total DNA that was purified from HEK-293T cell lines. (A) PCR amplification 

of specific genes from total DNA before Exonuclease V digestion. (B) PCR amplification of specific genes from 

isolated total DNA after Exonuclease V digestion. 

 

Custom hairpin adapter (CHA) designs  

For uniquely tagging each full-length mitochondrial DNA copy, we incorporated a stem-

loop hairpin adapter strategy. The original custom hairpin adapter (CHA) design used the same 

sequence on the stem of the NEBNext Ultra II hairpin adapters to ensure confidence in a 

sequence that works well with this design. There were several design plans made that stemmed 

from the original stem-loop sequence so that other primers and restriction enzymes could be 

tested for optimization (Figure 2.4). Each of these plans have a thymine nucleotide overhang and 
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the sequence was attempted to be as conserved as possible, but varied depending on the 

restriction enzyme cutting sites that were incorporated (Figure 2.4). All plans except Plan A take 

advantage of having binding sites for both forward primer (FP) and reverse primer (RP), and 

Plans C and E use a RP that is complementary to the mtDNA (Figure 2.4). Three more plans 

were created to test a four-nucleotide sticky ends rather than a single hanging thymine nucleotide 

(Figure 2.5). Plan G, Plan H, and the SPLnoMC adapter are able to be recognized by restriction 

enzyme XhoI if concatemers or re-circularization forms or SalI if adapter-dimers form; however, 

a new sequence that is unrecognizable from either restriction enzyme is generated once the 

adapters ligate to its proper target (Figure 2.5).  

 

Figure 2.4: Custom hairpin adapter designs for Plan A-E 

This figure depicts Plan A-E for custom hairpin adapter designs that were used to optimize SCAMP-seq 
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Figure 2.5: Custom hairpin adapter designs that utilize sticky ends and can generate new restriction sites  

All designs can be used with two different restriction enzymes that create compatible cohesive ends. (A) Plan G uses 

a Custom Adapter as dsDNA (CAdsDNA) that is intended for insert:vector ligations. (B) Plan H uses a sticky-end, 

stem-loop design with restriction cutting sites for PmlI and FspI on the loop and NruI on the stem region.  (C) 

SPLnoMC is a sticky-end adapter with a PmlI restriction cutting site on the loop of the adapter. There is no 

molecular index on the adapter. 

 

 

Rolling circle amplification and debranching on adapter-ligated mtDNA in bulk-cells 

 After performing exonuclease digestions to get rid of Numts and ligating CHAs to the 

proper target template, RCA is performed, and the amplified DNA is debranched with a 

restriction enzyme (Figure 2.1). A cell cocktail consisting of H1, HUES-6, HUES-8, HUES-9, 

EC11, and IPS-DF19-9-7T was used to isolate total DNA and purify mtDNA. The results from 

Plan A are shown for the RCA product on adapter-ligated mtDNA and debranching of the RCA 

product with SwaI for 15 minutes and 1 hour; the isolated mtDNA was also digested with single-

site cutters like SnaB1 and XhoI before adapter ligations (Figure 2.6A). The SwaI digestions 

resulted in a distinct fragment that was under 500 bp (Figure 2.6A). Plan B and C were also used 

either from the cell cocktail or with LCL 04, and small fragments under 500 bp are still seen 

after digesting with SwaI on the RCA product (Figure 2.6B). 



27 

 

 

Figure 2.6: Restriction enzyme digestions on RCA products from Plans A-C 

(A) Total DNA was isolated from a combination of H1, HUES-6,-8,-9, EC11, IPS-DF19-9-7T and run on gel 

electrophoresis with 0.7% agarose for 1.5 hours. (B) Total DNA either isolated from a cell cocktail of H1, HUES-6,-

8,-9, EC11, IPS-DF19-9-7T or LCL 04 was used to use Plan B and C for RCA and debranching. The samples were 

loaded in a 1% agarose gel and run on PFGE for 13 hours. 

 

Another cell cocktail was made combining LCLs 1-16 from a previous project (Figure 

1.5). After purifying the mtDNA with two rounds of ExoV digestion, the mtDNA was digested 

with a single site cutter (SnaB1) and both products were run on PFGE for quality control (Figure 

2.7). The SnaB1 mtDNA seen in Figure 2.7 was used for RCA using forward and reverse 

primers that pair with Plans D or E and an aliquot of the RCA product was digested with either 

FspI, NruI-HF, or PmlI (Figure 2.4). The digested RCA products produced the same tiny 

fragments below 500 bp that were observed before (Figure 2.6). To see the effectiveness of 

adapters from Plan G and H, we used LCLs 17-24 to perform SCAMP-seq using several 

different conditions (Figure 2.8A). The adapter to template ratio was largely reduced than the 

amount used before and the protocol substituted the NEBNext Ultra II kit for T4 ligase, Cutsmart 

buffer, and other reagents (refer to methods) to perform adapter ligations. Other strategies, such 
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as the use of Shrimp Alkaline Phosphatase (rSAP) with Plan G and using the NEBNext Ultra II 

kit with older plans were attempted to see if the outcome would be different (Figure 2.8B). After 

running the various samples through PFGE, some fragments after the debranching showed under 

500 bp, but the majority of samples were smeared across the lane with a distinct fragment larger 

than 40 kb (Figure 2.8). The SnaB1 restriction enzymes were used as a positive control for what 

the proper debranching of NruI-HF or PmlI should look like, but yielded results that show that 

there was no debranching of the RCA product (Figure 2.8). 

 

 

Figure 2.7: Restriction enzyme digestions on RCA products from Plans D & E  

Ran on 1% agarose gel using PFGE for 15.5 hours with 1x TBE. There is ~50 ng of mtDNA after two exonuclease 

V digestions, 30 ng after SnaB1 digestion of mtDNA, and ~400 ng in all the other samples. This gel was stained in 

Sybr Gold.  
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Figure 2.8: Restriction enzyme digestions on RCA products from Plans G & H with various adjustments 

All gels ran on 1% agarose gel, 1x TBE, and for 15.5 hours on PFGE. (A) The adapter-ligated mtDNA templates 

specifically had either a 6:1 or 8:1 ratio of adapters to mtDNA template. Using either the Plan G or H for ligations, 

the templates were amplified using RCA with the REPLI-G phi29 polymerase. (B) Using either the Plan G or the 

Plan A CHAs with several different variables, the adapter-ligated templates were used for RCA with the REPLI-G 

phi29 polymerase. All lanes have ~400 ng loaded, except the lanes that used the NEBNext Ultra II kit with the 

forward primer, where the remaining RCA product was loaded. 

 

 Since the DNA loaded in the wells were very large molecules, we thought it was possible 

that the RCA product may be inaccessible to the restriction enzymes as other researchers have 

struggled with this problem before (Yata et al., 2015). To create more accessibility to the 

restriction enzyme cutting sites on the RCA product, we adopted a strategy, herein referred to as 

“ramified” RCA (van Emmerik et al., 2020) to debranch the RCA product as it is being 

synthesized. We performed the ramified RCA with Mouse Embryonic Fibroblasts (MEFs) with 

Plan H adapters on mtDNA, with the forward and reverse primers as independent controls for 

RCA (Figure 2.9). After RCA for 4 hours, NruI-HF was spiked in and the samples were left to 

continue with the RCA reaction for another 8 hours. An aliquot from the resulting RCA product 

was loaded into PFGE (Figure 2.9A) and the DNA was run on the bioanalyzer to detect sizes 

(Figure 2.9B,C). From the bioanalyzer, sizes of ~11,201 bp and minor amounts of smaller-sized 
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fragments were detected for the debranched RCA product with only forward primers (Figure 

2.9B). A large peak at ~14,807 bp was detected when using both forward and reverse primers 

(Figure 2.9C). The rest of the samples were digested 12 more hours and purified before running 

the samples through another PFGE gel (Figure 2.9D). The resulting digestion produced a more 

concentrated and distinct smear near 15-20 kb for the FP and FP & RP sample (Figure 2.9D).  

 

Figure 2.9: SCAMP-seq protocol using a “ramified” version of RCA 

All samples used total DNA from MEFs and were debranched with NruI-HF and run on 1% agarose, 0.5x TBE, and 

15.5 hours. (A) Debranching of RCA product from adapter-ligated mtDNA template that went through two rounds 

of purification (B) The sizes of DNA that were detected from the Agilent bioanalyzer using the debranched RCA 

sample of the FP only sample (C) and FP and RP sample (D) The product from the RCA was used for another round 

of NruI-HF digestion for 12 hours and purified with a bead cleanup. 

 

Optimization on plasmids 

 The pGADT7 Hsh155 Y292C plasmid, a plasmid that closely resembles the mtDNA for 

our purposes, was cultured and the total DNA was isolated with a maxi prep. The total DNA was 

treated with several restriction enzymes to ensure that the majority of the plasmids were pure and 

had the expected sequence (Figure 2.10). Treatment with SalI-HF, PmlI, XhoI, BamH1-HF, 

HindIII-HF, EcoR1-HF, and ExoIII all yielded the bands of their expected sizes (Figure 2.10). 

The ExoIII-treated plasmid was purified and used for RCA with exonuclease-resistant random 
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primers. The RCA product was digested with the same restriction enzymes used on the pGADT7 

plasmid, and all the bands were still their expected sizes (Figure 2.10). To see if RCA was 

possible with starting amounts of DNA that were comparable to the amount of mtDNA in a 

single cell, we created dilutions down to 0.0001 pg. After 20 hours of RCA, every dilution tested 

for had over 8,000 ng of total DNA (Figure 2.11A). The RCA product was then debranched with 

either HindIII-HF or XhoI and all bands were the expected sizes (Figure 2.11B) There were even 

distinct bands visible when using 0.0001 pg of pGADT7 plasmid, which is ~100x less DNA than 

the amount of mtDNA in a single cell (Michaels et al., 1982) (Figure 2.11B). 

 

 

Figure 2.10: Restriction enzyme digestions on pGADT7 Hsh155 Y292C plasmid and its RCA product 

All the various restriction enzymes were also tested on the RCA product from the pGADT7 plasmid that was Exo 

III-treated. ~500 ng was loaded into every lane and the gel was run on 1% agarose on PFGE for 8 hours. 



32 

 

 

Figure 2.11: RCA and debranching on dilutions of pGADT7 Hsh155 Y292C plasmid 

(A) The amount of total DNA measured after 20 hours of RCA on various dilutions of pGADT7 plasmid (B) 

HindIII-HF or XhoI digestions on the RCA products of various dilutions of pGADT7 plasmid. ~500 ng of DNA was 

loaded into each lane and gel was run at 1% agarose, 0.5x TBE, and on PFGE for 8.5 hours. A HindIII-HF cut on 

pGADT7 is expected to have two cuts (7,187 bp, 3703 bp), and XhoI is expected to produce one cut (10,890 bp). 

 

 After assessing whether RCA is capable of providing enough amplification power, we 

used the pGADT7 plasmid to digest and ligate the SPLnoMC adapters (Figure 2.4C). Using 

different primer sets, we performed RCA with what we assumed to be the adapter-ligated 

pGADT7 DNA and then debranched the RCA product with PmlI, BamH1-HF, or HindIII-HF 

(Figure 2.12). Large distinct bands larger than 40 kb were observed from RCA for the samples 

that had either the forward primer or random primers, while the no DNA control and the sample 

with forward and reverse primers yielded more general smears with a ladder-like pattern (Figure 

2.12). For the sample with both forward and reverse primers, the RCA product seemed to be 

thoroughly digested into small fragments with SwaI, but only had some digestion with BamHI-

HF and HindIII of the expected sizes. When digesting the RCA product that used random 

primers, the PmlI enzyme did not digest the RCA product, but BamHI-HF and HindIII produced 

the expected sizes of the pGADT7 plasmid (Figure 2.12). 
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Figure 2.12: Restriction enzyme digestions on RCA products from pGADT7 plasmid with SPLnoMC 

adapters 

All samples were run with the same RCA protocol except the primers that were used. ~500 ng of the samples was 

loaded into 1% agarose gel, 0.5x TBE, and run on PFGE for 8.5 hours. 

 

Using RCA on single cells 

 After observing the effectiveness of RCA on DNA starting amounts that are less than that 

of mtDNA in single cells (Figure 2.11), we decided to move forward and test RCA on actual 

mammalian cells. HEK-293T cells were cultured and sorted into 384-well plates and further 

aliquoted into numerous 200 ul PCR tubes. Various amounts of ExoV was used to digest the 

nuclear DNA, and the RCA reagents were added directly to the sample after heat inactivating the 

ExoV. RCA was active for 20 hours and the resulting RCA products were debranched with XhoI 

and ran through PFGE (Figure 2.13A). There were no distinct bands that were noticeable, but 

rather smears with concentrated intensities (Figure 2.13A). We took the remaining XhoI-treated 

RCA products and attempted to circularize any debranched products with ligase to perform 
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circle-to-circle amplification (Dahl et al., 2003). From the ligase-treated solution, another round 

of RCA and debranching with XhoI was performed and run through PFGE (Figure 2.13B). Other 

than the no DNA template sample, we observed concentrated smears across the gel with some 

light, distinct bands such as the one that is ~1,700 bp (Figure 2.13B). 

 

Figure 2.13: Restriction enzyme digestions after RCA product from HEK-293T single cells with differing 

amounts of Exonuclease V 

Run on 1% agarose, 0.5x TBE, and on PFGE for 8.5 hours. (A) The optimized RCA protocol was used on single 

cells of HEK-293T. (B) The circle-to-circle amplification method was performed from the remaining RCA products 

from Figure 2.13A 

 

 To see if the same effect would be observed on other cell lines, we used single cells from 

H1s and MEFs to perform RCA on mtDNA (Figure 2.14). A set from each cell line got bead 

cleanups after the initial cell lysis, and each cell line was treated with different amounts of ExoV. 

After ExoV digestions, RCA took place for 20 hours and was followed by debranching with 

XhoI. After the debranching digestion, all samples were loaded into PFGE and there were 

several distinct bands that were observed (Figure 2.14). The H1 cells that used either no ExoV or 
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0.1 ul ExoV had numerous distinct bands that ranged from ~600 – 8,000 bp (Figure 2.14). There 

was also a repetitive distinct band pattern seen in both H1s and MEFs that were roughly around 

6,800 bp, 3,000 bp, and 1,700 bp in a single lane (Figure 2.14). However, the actual size may 

vary more because the 1 kb extension ladder it was compared to seems to have run a bit slower 

than the lanes in the middle.  

 

Figure 2.14: XhoI digestions on the RCA product of single-cell H1s and MEFs using differing amounts of 

Exonuclease V 

Run on 1% agarose, 0.5x TBE, and on PFGE for 8.5 hours. 
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DISCUSSION 

SCAMP-seq workflow 

 The mitochondria organelle is popularly known as the powerhouse of the cell. This 

statement holds merit as mitochondria are heavily involved with the majority of our body’s 

essential biological processes such as oxidative phosphorylation (Schapira, 2006; Wallace, 

1999). In addition to being involved with processes like aging and apoptosis, the mitochondrion 

is associated with a plethora of diseases ranging from neurodegeneration to cancer (Wallace, 

2005). There is also a wide array of mitochondrial diseases that are inherited or strongly linked 

with specific mtDNA mutations such as LHONs, MELAS, and Kearn-Sayre Syndrone (Shoffner, 

1996; Wallace, 2005). Technology development has helped further what we know in this 

landscape, but more efforts are needed for the betterment of our understanding and creating 

therapeutics. It is important to continue improving the scale at which we can analyze the mtDNA 

because mitochondrial variants can coexist at very small scales in an effect called heteroplasmy 

(Lightowlers et al., 1997; Stewart and Chinnery, 2015). This variance exists even within a single 

cell level and the frequency of a certain mtDNA mutation can dictate the phenotype and disease 

a person acquires (Picard et al., 2014). 

 Several methods for detecting heteroplasmy of mtDNA currently exist, but are limited in 

its resolution (Kraytsberg et al., 2007). Since the mtDNA heteroplasmy can vary in an 

individual’s tissue type and even in single cells, gaining information on individual mtDNA 

copies will provide the most accurate information of how one’s heteroplasmic frequency and 

tissue type is related to their phenotype. We have developed a workflow for SCAMP-seq 

(Single-cell Analysis of Mitochondrial DNA Polymorphisms Sequencing) to address this 

limitation and provide an effective way to research mtDNA heteroplasmy (Figure 2.1). As the 
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first step, we separate out single cells into 96 or 384-well plates based on known heteroplasmy 

and mitochondrial function (Figure 2.1, 2.2). Using heteroplasmic IPSCs generated from a 

MELAS patient with the 3243A>G mutation (Ma et al., 2015), we cultured and stained the 

IPSCs with TMRM (only stains when there is active membrane potential) and MTG (stains all 

mitochondria in a cell); we used the ratio of mitochondrial activity over mitochondrial 

population to determine how healthy the mitochondria of the cells are (Figure 2.2C,D). In this 

way, we are also able to draw some conclusions to whether or not mitochondrial function 

correlates to its known heteroplasmy. 

 Other than providing high-throughput information on each mtDNA copy in a single-cell 

level, we want to prevent any artifacts from being sequenced. For this reason, we degrade 

nuclear homologs of mtDNA, also known as Numts, through digesting away any nuclear DNA 

with ExoV (Figure 2.3). This is an effective technique seen in previous studies (Jayaprakash et 

al., 2015) as well as our own. Once the solution only contains circular dsDNA, we linearize the 

mtDNA with a single-site cutter and ligate on custom hairpin adapters (CHAs) (Figure 2.4, 2.5) 

in a buffer compatible with other enzymes downstream of our protocol. To ensure that no 

adapter-dimers or concatemers are left in the final solution, two or three rounds of purification 

are done. Each of these purification steps use a purified solution and restriction enzymes that will 

re-cleave any adapter-dimers or concatemers of the sticky-end CHAs that were formed in the 

ligation process (Figure 2.5). Additionally, there is also an exonuclease to digest away unwanted 

molecules and a size-selective bead cleanup is performed at the end. The final product after all 

the purification cycles is the adapter-ligated mtDNA product.  

 The adapter-ligated mtDNA can now be used for RCA. With RCA, the substitution error-

rate of phi 29 polymerase is around 1000-fold less than PCR techniques that use Taq polymerase 
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(Esteban et al., 1993; Vladimir et al., 2017). While the fidelity of polymerase used in RCA is far 

greater than that of PCR, it is also beneficial to our protocol because substitution errors do not 

continue to amplify exponentially; the majority of replication is on the original mtDNA template 

rather than any DNA strands that contain the error. Substitution errors are of big concern for our 

protocol because replicating errors may be difficult to claim as an artifact or bona fide. By using 

RCA instead of PCR, we minimize the risk identifying false-positives. After RCA is done on the 

adapter-ligated mtDNA, we debranch the amplified product with another single-site cutting 

restricting enzyme. These full-length copies are used to prepare libraries with PacBio SMRTbell 

technology and are now ready for long-read sequencing and analysis.  

Exonuclease V can successfully degrade nuclear DNA 

One objective for SCAMP-seq was to increase the accuracy of sequencing mtDNA by 

minimizing false positives that can be generated through Numts, which are nuclear DNA 

sequences that have the same sequence in the mitochondrial genome (Bensasson et al., 2001). To 

remove existing Numts from HEK-293T cells, we used Exonuclease V following the protocol of 

Jayakaprash et al. (2015) closely to degrade any linear single and double stranded DNA (Palas 

and Kushner, 1990). To test if Exonuclease V would specifically degrade the nuclear DNA while 

leaving the closed circular mtDNA in its original form, we utilized PCR to examine nuclear and 

mitochondrial genes before and after Exonuclease V digestion. Our PCR results demonstrate that 

ExoV successfully degrades the nuclear DNA and not the mitochondrial DNA from the lack of 

nuclear targets detected after digestion (Figure 2.3).  

It is possible that some of the mitochondrial genes amplified before ExoV digestion were 

due to Numts rather than the actual mitochondrial DNA (Jayakaprash et al., 2015). Since the 

nuclear genome contains mitochondrial gene homologs (Bensassan et al., 2001), there is 
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potential for nuclear DNA to be targeted from mitochondrial primers during PCR. These false 

positives would likely result in another band of the incorrect size or a stronger band intensity of 

mitochondrial genes. However, all mitochondrial targets, except Mt1, were the expected size and 

we did not observe any noticeable differences in the band intensity after PCR (Figure 2.3). Mt1 

had a size of ~180 bp rather than its expected 250 bp in our results. Although the unexpected size 

of Mt1 may be due to Numt amplification, this is highly unlikely because the Mt1 amplicons are 

the same size in both ExoV-treated and untreated samples (Figure 2.3). The band size seen from 

Mt1 was likely an isoform or caused by an off-target effect (Kraytsberg et al., 2007), and it can 

be concluded that Numts did not get significantly amplified, if at all, in our results.  

The anomalies seen from debranching the RCA product 

 From the first gels produced using the SCAMP-seq workflow, we see distinct bands from 

the SwaI restriction enzyme digestion that are smaller than 500 bp after debranching of the full-

length mtDNA (Figure 2.6A). This was not the size we expected because if the SCAMP-seq 

workflow worked properly, the debranched product would be ~16.6 kb. Although our first 

thought from this result was that it was a product of adapter-dimers, we did not think this was 

likely because we performed a 0.45x bead cleanup to size-select out any adapter-dimers. We 

repeated the workflow but saw similar results (data not shown). The primer for Plan A only 

utilized one forward primer, and it was possible that only a single stranded DNA was being 

amplified and folding onto itself. We were unsure how this could lead to the intense digesting of 

the RCA product but decided to design Plans B and C (Figure 2.4) to utilize both forward and 

reverse primers and test primers with different sequences than before. We also decided to 

perform at least two rounds of a very selective bead cleanup to remove any adapter-dimers 

before RCA.  
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 Using either a cell cocktail that includes various stem cells or LCL 04, we used Plans B 

and C and the associated primer sets to perform SCAMP-seq (Figure 2.6B). After digestion with 

SwaI, we observed the small fragments that were similar to the gel results of Plan A (Figure 

2.6A,B). It did not seem that there was a distinct band from the digested RCA product, but rather 

a smear of tiny DNA fragments under 500 bp (Figure 2.6B). To ensure that the small fragments 

observed are not a product of a faulty restriction enzyme or star activity (restriction enzyme 

cleaving of non canonical sites), we incorporated Plans D and E (Figure 2.4) to test the 

debranching with three different restriction enzymes that all produce blunt ends. We ensured that 

the exonuclease-digested DNA and the single-site cutter with SnaB1 results were as expected, 

but the other three restriction enzyme digestions after RCA produced the same small fragments 

under 500 bp (Figure 2.7) as seen with SwaI digestions (Figure 2.6). Although we 

accommodated our protocol to prevent adapter-dimers, the results of the digestions show that it 

may still be a possibility.  

Sticky-end adapters and alternative debranching strategies 

 We decided to switch to a sticky-end design that uses a similar stem-loop design but with 

a four-nucleotide overhang on the 5’ end (Figure 2.5). This overhang is complementary to both 

the overhangs produced from XhoI and SalI-HF digestions, but cannot be cleaved when the 

CHAs ligate to the mtDNA since a new restriction site is created. This allows us to take the 

ligated products and treat it with XhoI, SalI-HF, and an exonuclease to not only re-cleave any 

adapter-dimers and concatemers, but also degrade the unwanted products into dNMPs or short 

oligos. When using the new strategies with several variations and running it through PFGE, 

either large smears or small fragments under 1,000 bp are observed (Figure 2.8). The results 

show that the mtDNA may not have gotten amplified during RCA because single site cutters on 
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the mtDNA were not digesting while the adapter-specific restriction sites were. Some of the 

adapter-specific restriction enzymes were not digesting as well, and because it is clear that a 

large amount of DNA is stuck in the wells of each lane, it may be from the RCA product simply 

being too inaccessible to these restriction enzymes (Figure 2.8).  

 The inaccessibility of RCA products from restriction enzymes is a common problem with 

RCA (Yata et al., 2015). To help alleviate the possible inaccessibility of RCA products, we 

attempted treating the amplified DNA with EDTA to break up potential magnesium-

pyrophosphates, common biproducts of RCA that can adhere to DNA/RNA and cause 

inaccessibility (Yata et al., 2015), but no significant differences were observed (data not shown). 

Instead, we adopted a strategy from van Emmerik et al. (2020) that we refer to as the “ramified” 

RCA. This technique introduces the debranching restriction enzyme during the process of RCA 

rather than after RCA is complete so that the amplifying products get debranched as it is being 

made (van Emmerik et al., 2020). This helps prevent the amplified DNA from getting too 

cluttered and becoming inaccessible, but holds a risk of the original template getting digested as 

well. When using the “ramified” version , the amplification of ramified RCA was as expected, 

with the forward primer only having a large amplification, the forward and reverse primers 

having the most amplification, and the no DNA and reverse primer only samples having little to 

no amplification (data not shown, although it is represented in Figure 2.9A). The RCA products 

got some additional debranching with NruI-HF after RCA and the results showed concentrated 

smears that were mostly larger than 10 kb (Figure 2.9A,B,C). When digesting the product even 

more with NruI-HF, we observed an effect that narrowed the smear closer to the expected size of 

mtDNA, although there were still no distinct bands to be seen (Figure 2.9D).  
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SCAMP-seq with plasmids 

 We chose to switch to plasmids for optimizing SCAMP-seq for two main reasons: to 

have a more certain “pure” product to work with than an actual cell and because plasmids are far 

easier and cheaper to isolate large quantities of desired DNA. We used the pGADT7 Hsh155 

Y292C plasmid to closely resemble mtDNA because it is a relatively large plasmid (10,890 bp) 

and contains 1 site for XhoI while no cutting sites for PmlI and SalI. Within one week, we were 

able to isolate over 3,000 ug of plasmid DNA, an amount that would require several weeks and 

expensive resources to get the same amount of mtDNA in mammalian cells. When performing 

RCA on the purified plasmid and treating with several restriction enzymes, every sample 

produced the expected results (Figure 2.10), confirming the genotype of the plasmid and that 

RCA products can be debranched in a simple manner if done correctly. To ensure that the scale 

at which we are using RCA is feasible, we diluted the amount of plasmids down to 0.0001 pg of 

total DNA and performed RCA using random primers (Figure 2.11). Every dilution had over 

8,000 ng of DNA after RCA (Figure 2.11A), and at 0.05 pg (the amount closest to the starting 

amount of mtDNA in a single cell), there are distinct bands at the expected sizes (Figure 2.11B). 

Even at 0.0001 pg, the correct distinct bands were visible for the HindIII-HF digestion, showing 

that the amplification power of RCA is not a problem.  

 Using the plasmid, we tested the SCAMP-seq strategy by ligating the SPLnoMC adapters 

before RCA. This adapter-ligated template went through two rounds of digestions to degrade 

adapter-dimers and concatemers as well as three rounds of size-selective bead cleanups, leaving 

us to believe that the results could not possibly be from adapter-dimers. When debranching the 

RCA product with both FP and RP, we see unexpected small fragments digested from PmlI; 

however, the debranching of BamH1-HF and HindIII-HF also create distinct bands of its 
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expected sizes (Figure 2.12). Since BamH1-HF and HindII-HF sites cut where expected, it 

suggests that the RCA product is not purely from primer-dimers or adapter-dimers as templates. 

It remains an anomaly how PmlI seemingly digests all the RCA product, leaving little to no 

DNA visible even in the wells of the lanes, while other restriction enzymes can still properly 

digest the same RCA product (Figure 2.12). The results from the samples that used random 

primers suggest that only the canonical pGADT7 plasmid got amplified during RCA since PmlI 

did not digest, while BamH1-HF and HindIII produced the expected digestion bands (Figure 

2.12). This result also remains an anomaly and may suggest that our adapter ligations are not 

working properly. 

Identifying heteroplasmy on single cells without barcoding 

 Since it was difficult to draw strong conclusions from the adapter-ligated templates, we 

decided to see if we can effectively identify heteroplasmy on mammalian single cells without 

barcoding each mtDNA copy. If the frequencies of a mutation can correctly be matched to the 

known heteroplasmy of samples, then there would be no need for individual molecule barcoding. 

Using single H1 cells, we performed ExoV digestions, followed by RCA and debranching. The 

resulting products on PFGE showed smears in the lanes rather than distinct bands (Figure 

2.13A). We used a circle-to-circle amplification technique (Dahl et al., 2004) to test if re-

circularizing any full-length mtDNA copies would increase the effectiveness of RCA and 

debranching. This re-circularization method made the intensities of the smear on the gel darker, 

and made a few distinct bands for the XhoI digestion more visible (Figure 2.13B).  

We also tested to see if the same effects would be observed on other cell lines (Figure 

2.14). When performing the same assay on H1s and MEFs, we were able to detect distinct bands 

for some of the samples (Figure 2.14). Two samples that particularly caught our attention were 
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the H1 with 0.1 ul ExoV and MEF with 0.25 ul ExoV, both with bead cleanups after the initial 

cell lysis. Since the three distinct band patterns in a single lane are most apparent after ExoV-

treatment, it may support that nuclear DNA has to be degraded for the proper amplification of 

what we assume is a circular DNA. Each of these samples had three distinct bands (~6,800 bp, 

~3,000 bp, ~1,700 bp) that added up to be ~11.5kb (Figure 2.14). One possibility for this ~11.5 

kb size is that it is not the mtDNA that got amplified, but rather an extrachromosomal circular 

DNA (eccDNAs) element that would have remained intact from ExoV digestion. There is an 

eccDNA that is identified to be 11.1 kb (Moller et al., 2018) that may help explain the DNA size 

in our sample. However, we believe this is unlikely since there are numerous other eccDNAs that 

would have also been amplified and still does not explain why the thousands of mtDNA copies 

in a cell did not simultaneously get replicated. Another possibility that we believe is more likely 

is that our mtDNA has a deletion. There is a well-studied, common deletion of 4,977 bp in the 

mtDNA that is often associated with aging, diseases, and cancer (Van Haute et al., 2013; Yusoff 

et al., 2019). MtDNA may accumulate spontaneous mutations or deletions during culturing, 

especially with the number of passages (Maitra et al., 2005). Some researchers even screened 16 

hESC lines at different passages and found every sample to carry some deletions, such as the 

4,977 bp common deletion, even in low passage numbers (Haute et al., 2013). Although this 

would explain why the distinct bands in our sample add up to ~11.5 kb, it still does not explain 

why there were three cuts from XhoI instead of one (Figure 2.13B). We would like to digest the 

same RCA sample with another single-site cutter and our samples will need to be sequenced for 

further analysis. In the future, if it turns out that the proper heteroplasmy cannot be accurately 

identified, then we would like to go back to introducing unique molecular indexes for each 

mtDNA copy as attempted before. 
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METHODS 

Cell Culturing 

The maintenance of HEK-293T and Mouse Embryonic Fibroblasts (MEFs) were in 

DMEM (Gibco #11965092), 10% fetal bovine serum (Biowest #S1620), and 1:1000 Anti-Anti 

(Gibco #15240062). All cells were kept at 37°C under 5% carbon dioxide. The MEFs were 

thawed in 35mm dishes and then passaged to bigger dishes, while seeding at ~2,500 cells/cm2 

every 3-4 days. The HEK-293Ts were seeded at a density of ~20,000 cells/cm2 and passaged 

ever 2-3 days. When passaging or harvesting cells, both cell lines were treated with Tryple 

(Gibco #12604021) for 5 minutes, spun down, and washed with DPBS (Gibco #14190144). The 

cells were spun down at 1,500 RPM for 5 minutes and moved to bigger dishes when cells were 

too populated. Cells were stained with Trypan Blue (Gibco #15250061) and counted on the 

TC20 automated cell counter (Bio-Rad). 

Exonuclease digestions and adapter ligations for sticky-end adapters 

 When performing exonuclease V digestions on total DNA, we followed the Mseek 

protocol (Jayakaprakash et al., 2015) mostly as suggested but often used more starting total DNA 

and included BSA. ExoIII and ExoVII were also used to substitute ExoV for some assays and 

were both used with Cutsmart buffer (NEB #B7204S). When using bulk-cells for exonuclease 

digestions, at least two rounds of digestions and SPRI bead cleanups are performed.  

From this purified circular dsDNA, several different variations were attempted because 

the protocol is constantly being modified. The protocol for the adapter-ligated templates used for 

Figure 2.13 is as follows:  
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A single site cutter like XhoI is spiked in and the sample is left to digest at 37°C for at 

least an hour. This reaction is done in Cutsmart buffer (NEB) and has a total volume of 30 ul. 

Without heat inactivating the enzyme, 5 ul of .1M DTT, 5 ul of 10mM ATP, 2 ul of 10x 

Cutsmart Buffer, 1 ul of SalI-HF, 1 ul of adapters (in separate tube, dilute the adapters so that 1 

ul will give a ~7:1 ratio of adapter: target DNA), and 4 ul of nuclease-free H2O. Mix the solution 

around and incubate for 5 minutes before adding in 2 ul of T4 DNA ligase (NEB #M0202L). The 

ligation reaction is left at 25°C for at least 10 hours or overnight and heat inactivated at 70°C for 

20 minutes. A 0.6x bead cleanup is performed and eluted in 43 ul of low EDTA TE (Swift 

#90296). If yield of DNA is low, we recommend placing a tube with SPRI beads on the magnetic 

rack and aspirating out half of the solution so that there is now more SPRI bead surface area/ 

volume. To this eluted DNA, add 5 ul Cutsmart buffer, 1 ul XhoI, 1 ul SalI-HF, and 0.5 ul 

ExoIII. Let this reaction run at 37°C for 30 min, and heat inactivate at 70°C for 30 minutes. The 

remaining solution is used for a second 0.6x bead purification. At this point, another round of 

XhoI, SalI-HF, and either ExoV or ExoIII digestion in Cutsmart buffer can take place if needed 

according to the manufacturer’s instructions, followed by a third bead purification with 0.6x 

beads. Elute the desired DNA in low EDTA TE.  

Rolling circle amplification 

 Depending on the objective of each assay, several different rolling circle amplification 

techniques were implemented. Although the RCA reaction was frequently modified depending 

on the needs of the project, a general idea of the protocol can be understood with this outline:  

 Most RCA reactions were performed with an initial pre-incubation step that did not 

include any DNA. The pre-incubation step is to remove any contaminants with the natural 
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exonuclease activity of the phi29 polymerase. 1 ul of phi29 polymerase is added to nuclease-free 

water and phi29 buffer in a total volume that was 17 ul (or the total volume minus the volume of 

reagents that have not been added yet). The solution is put in 30°C for at least 30 minutes and 

taken out to add other reagents. 2-5uM of primers and at least 0.5mM of each dNTPs were added 

to the solution. The DNA template was denatured in a separate solution with the desired primers 

or was not denatured depending on the goals of the project ~10 ng of DNA is added to the RCA 

solution. Once the solution is mixed well, the RCA reaction is run at 30°C for 8-16 hours and 

heat inactivated at 70°C for 15 minutes.  

PFGE parameters 

 Pulsed-field gel electrophoresis is done using Bio-Rad CHEF Mapper XA with the Bio-

Rad Model 1000 Mini Chiller. Using the auto algorithm mode, we set the low molecular weight 

at 1 kb and the high molecular weight at 300 kb. No change was done to the calibration factor 

(default is 1). Other physical parameters were set at 0.5x TBE, 14°C, and 1% PFC agarose. The 

gradient was 6.0 V/cm and most runs were 8.5 hours. The included angle was 120°, initial switch 

time was .4 seconds, final switch time was 3.5 seconds, and the ramping factor was linear. Gels 

that had more than 13 hours of run time were most likely done on the Bio-Rad FIGE Mapper 

with the same parameters.  
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