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ABSTRACT 

 

Chinese hamster ovary (CHO) cell lines are among the most popular expression 

hosts used in biopharmaceutical manufacturing due to relative ease of culture, capacity 

to perform human-like post-translational modifications, and non-susceptibility to viruses. 

However, the intrinsic plasticity of the CHO genome can lead to undesired genetic 

rearrangements, phenotypic shifts, reduced product quality, and early culture termination 

that prevents continuous biomanufacturing. A characteristic of plastic and unstable 

genomes that is poorly understood in CHO cells is extrachromosomal circular DNA 

(eccDNA). EccDNAs are focal amplifications of the genome that reside in the extranuclear 

space. These plasmid-like entities are structurally complex and are capable of 

contributing to a wide variety of biological functions including gene overexpression, 

regulation of nuclear-encoded genes, immunostimulation, and adaptive stress responses. 

 

The objective of this work is to establish the foundational knowledge of eccDNA 

structure, function, and microevolutionary dynamics in CHO cells under various 

conditions. This work characterizes eccDNA content in CHO cells grown in bioreactors 

for two weeks under control and lactate-stressed conditions, two CHO K-1-derived cell 

lines of different ages, and CHO cells gradually adapted to high extracellular lactate 

levels. More than 2,000 genes were observed to be encoded on eccDNAs and summaries 

of gene function are presented using Gene Ontology and KEGG pathway analyses. RNA-

seq data is utilized to identify potential changes in gene expression mediated by 
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eccDNAs. Furthermore, the study presents a broad characterization of eccDNA sequence 

structures and biogenesis sites that may be used as targets in future work.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Motivation 

Global sales of biopharmaceuticals reached a new high of $343 billion in 2021, a 44% 

increase from 2017. Notably, monoclonal antibody (mAb) therapies accounted for $217 

billion, or 63% of all sales1. Undoubtedly, the COVID-19 pandemic was a driving force in 

innovation and economic development in the biopharmaceutical industry. Chinese 

hamster ovary (CHO) cell lines are the most widely used mammalian cell culture system 

for biomanufacturing; used to produce 89% of products manufactured in a mammalian 

system1. CHO cell lines are broadly used because of the relative ease of culture, 

availability of genetic engineering tools, and capability to produce high titers of 

recombinant protein; however, the plasticity of the CHO genome is a driver of cell line 

instability through chromosome rearrangement, transgene exclusion, and accumulation 

of somatic variants in critical DNA repair genes2. A variety of efforts in both process and 

genetic engineering have been attempted to improve genome instability with varying 

results. 

 

Recently, advancements in library preparation protocols and sequencing technology 

have enabled the study of extrachromosomal circular DNAs (eccDNAs). EccDNAs have 

been described as hallmarks of unstable genomes3 and have been broadly identified 

across multiple species including yeast4, plants5, and humans in both normal and 
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diseased states6. CHO cells have been previously observed to harbor eccDNAs, 

however, the most recent study of eccDNAs in CHO was published in 19867. Recent 

research has described multiple functions of eccDNA including gene overexpression, 

immunostimulation, and DNA mobilization8. The broad prevalence of eccDNAs likely 

indicates a conserved biological function. EccDNAs have been showed to confer genetic 

heterogeneity that can be acted upon as a latent stress response or mechanism of 

adaptation9. In biopharmaceutical manufacturing, maintaining homogeneity of the cell 

phenotype ensures consistent productivity and quality of biopharmaceuticals in 

accordance with the FDA’s Good Manufacturing Practices (GMPs). 

 

Currently, little is understood about the composition, function, and evolution of 

eccDNAs in CHO cell lines used for biopharmaceutical manufacturing. In this dissertation, 

the novel circular DNA enrichment sequencing (CIDER-seq) protocol10 was used to 

prepare eccDNA libraries for PacBio single-molecule real time (SMRT) sequencing. 

EccDNA and RNA-seq data sets were integrated with cell culture data to identify 

phenotypic shifts that may be attributed to eccDNA-mediated gene expression. These 

analyses were conducted in three contexts: an industry-standard, two-week fed-batch 

culture under control and stressed conditions, young and aged cells, and in cells gradually 

adapted to high levels of extracellular lactate. Key components of eccDNA structure, 

including repeat content, genes, and origins of replication, were annotated to identify 

shifts in composition in response to the tested conditions. Gene expression data was 

collected and integrated to identify transcriptome level responses to advanced cell age 

and lactate adaptation. The findings of this work establish a baseline understanding of 
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how eccDNA content and dynamics influence cell line performance and potentially identify 

genetic engineering targets for cell line improvement. Furthermore, eccDNA sequences 

generated from this study represent the first publicly available dataset of its kind in CHO 

cells. Lastly, RNA-seq data also provides additional public datasets in response to lactate 

stress, increasing cell age, and lactate adaptation for further study by the CHO 

community.  

 

1.2 Organization 

This dissertation is divided into seven chapters. Chapter One describes the motivation 

behind this work. Chapter Two presents a review of relevant literature regarding Chinese 

hamster ovary (CHO) cell lines, and extrachromosomal circular DNA (eccDNA). This 

includes a background on the origins and applications of CHO, cell line instability issues, 

common sources of culture stress, and a brief history of tools used for studying CHO 

‘omics. A thorough background on genome instability and the role of eccDNA is also 

presented. Specifically, eccDNA discovery, structure, and functions are covered in detail. 

Chapter Three consists of a recently published research paper entitled “Microevolutionary 

dynamics of eccDNA in Chinese hamster ovary cells grown in fed-batch cultures under 

control and lactate-stressed conditions”. This paper examines the structure and dynamics 

of eccDNAs grown under control and lactate-stressed conditions in fed-batch ambr®250 

bioreactors. I was the primary author of this paper; co-authors are Dr. Qinghua Wang, 

Stephanie R. Klaubert, Kiana Green, Dr. Cathy H. Wu, Dr. Sarah W. Harcum, and Dr. 

Christopher A. Saski11. I was partially responsible for study design and conception, and 

fully responsible for conducting experiments, analyzing and interpreting sequencing data, 
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primary drafting of the manuscript, and addressing reviewer comments. Chapter Four 

characterizes eccDNA content and transcriptome shifts in two cell lines, VRC01 and 

CHOZN GS23, across varying ages. It is intended that this chapter will be submitted to a 

peer reviewed journal in the near future under a working title of “Comparison of eccDNA 

evolution, gene expression changes, and genome structure variation between two 

reference Chinese hamster ovary cell lines in young and aged cells”. I will be the primary 

author with Dr. Qinghua Wang, Dr. Lauren Cordova, Dr. Wanfang Fu, Dr. Kelvin Lee, Dr. 

Sarah W. Harcum, and Dr. Christopher A. Saski as co-authors. Chapter Five describes 

eccDNA structure and dynamics alongside gene expression changes in VRC01 cells 

adapted to grow in high levels of extracellular lactate. We intend to submit this chapter to 

a peer-reviewed journal in the future under the working title “Dynamics of amino acid 

metabolism, gene expression, and circulomics in a recombinant Chinese hamster ovary 

cell line adapted to moderate and high levels of extracellular lactate” where I am the 

primary author and co-authors are Lisa Uy, Dr. Wanfang Fu, Stephanie R. Klaubert,Dr. 

Sarah W. Harcum, and Dr. Christopher A. Saski. Chapter Six is a research paper 

published in 2021 entitled “Characterization of Metabolic Responses, Genetic Variations, 

and Microsatellite Instability in Ammonia-stressed CHO cells grown in Fed-batch 

Cultures”. This paper identified microsatellite loci that exhibited unfaithful replication in a 

dose-dependent response to elevated levels of ammonia. I am the primary author of this 

work and co-authors are Dr. Qinghua Wang, Dr. Kathryn Elliott, Aiyana Bullock, Dwon 

Jordana, Dr. Zhigang Li, Dr. Cathy H. Wu, Dr. Sarah W. Harcum, and Dr. Christopher A. 

Saski12. My contribution to this work was analyzing microsatellite data, drafting the 

manuscript, and responding to reviewer comments. While this research was published 
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first, it is appended to the end of the dissertation to avoid interrupting the presentation of 

eccDNA-related data. Finally, Chapter Seven outlines conclusions and recommended 

future directions for study and potential engineering of eccDNAs in CHO cell lines. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Chinese hamster ovary (CHO) cells 

2.1.1 Origins and industrial applications 

The origin of Chinese hamster ovary (CHO) cell lines can be traced back to a 

spontaneous immortalization event in the late 1950’s13. The CHO-ori cell line was used 

heavily in research due to its utility in studying the structure of the mammalian genome; 

of particular interest to many researchers were the observable chromosomal 

rearrangements14. Throughout the years, cell populations with desirable phenotypes were 

selected as a result of mutagenesis or spontaneous variation; however these selection 

processes were poorly documented15. CHO cells were adapted independently by many 

research groups to grow in suspension culture, which allowed for better scalability and 

higher viable cell densities (VCDs)16-18. Multiple factors including ease of culture19, 

capability to perform post-translational modifications20, and availability of tools for genetic 

modification21, have strengthened CHO cells as a host for biopharmaceutical production. 

As of 2018, 84% of all monoclonal antibody (mAb) products were produced in a CHO cell 

line22. Typically, CHO cell cultures are grown in fed-batch cultures over a period of a few 

weeks23,24. A fed-batch culture normally maintains high cell viability by providing 

supplemental nutrients on a regular basis. Termination of fed-batch cultures usually 

occurs at 2 weeks when cell viability drops below 70% due to waste accumulation25 and/or 

cell line instability26.  
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2.1.2 Cell line instability and continuous biomanufacturing 

Continuous manufacturing is currently the goal for the biomanufacturing industry; 

however, it is limited by cell line instability and shortcomings in process development2. 

The inherent plasticity of the CHO cell genome allows for a wide range of variations that 

make the cells more adaptable2. In nature, adaptability can be beneficial27; however, in 

biomanufacturing, it can cause unwanted instability28-30. Specifically, genome instability 

has been demonstrated to impact central carbon metabolism31, exclude transgenes32, 

and interrupt coding sequences of critical genes such as those responsible for DNA 

repair33. In addition to losing productivity, transgene exclusion can lead to culture decline 

by losing the selectable marker gene. Often, CHO hosts are deficient in genes such as 

glutamine synthetase34 or dihydrofolate reductase35. Disruptions within DNA repair genes 

can further worsen genome instability issues as replication errors or mutations 

accumulate globally throughout the genome as a result33,36.  This genome instability 

causes phenotypic shifts that make the cell line less productive37. Cell line instability, also 

called phenotypic drift, can also cause improper post-translational modification38, 

increase cell lysis which leads to higher host cell proteins (HCPs) that need to be removed 

in downstream purification39, partial or isoform products37, and/or premature culture 

termination2. Improving culture stability has been attempted through numerous process 

and genetic engineering approaches. Genetic engineering approaches include promoter 

optimization40, site-specific integration of the transgene41, and insertion or deletion of 

beneficial or detrimental genes, respectively. Process engineering efforts to enhance the 

viability of long-term cell culture techniques, such as perfusion, have greatly extended 
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culture lifespan42,43. Thus, creating a need for a better understanding of cell line instability 

in extended cultures. 

 

2.1.3 Culture stresses 

2.1.3.1 Process-induced stress 

Modern, computer-controlled bioreactors offer tight control of culture parameters 

such as pH, dissolved oxygen (DO), stir speed, gas sparging, and nutrient addition44. In 

bioreactor systems, pH is typically controlled using a base such as sodium bicarbonate 

or CO2 gas45. Culturing cells at an improper pH can impede cell growth46, unbalance redox 

metabolism47, and negatively impact critical quality attributes (CQAs)48,49. Proper tuning 

of PID (proportional integral derivative) control loops is necessary to ensure the pH 

setpoint is maintained without unintended consequences50. Over addition of base or CO2 

can cause increased osmotic pressure that can negatively impact cell physiology51,52. DO 

PID control loops ensure proper oxygenated53 by balancing agitation rates47 with too high 

DO setpoints that would favor the formation of reactive oxygen species (ROS)54.  

 

2.1.3.2 Metabolic stress 

Accumulation of metabolic waste products is another source of culture stress25. 

Two specific metabolic wastes, ammonia and lactate, are among the most studied CHO 

culture stressors. Ammonia is generated through multiple metabolic pathways including 

deamination of alanine, serine, glutamine, glutamate, and asparagine55. Elevated levels 

of ammonia have been shown to reduce intracellular pH56, decrease cell growth and 

productivity57, modify glycosylation patterns56,58, induce gene expression shifts58, and 
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weaken genome stability12. Lactate is primarily formed via conversion of pyruvate to 

lactate; however, parallel pathways can affect the rate of lactate production and 

consumption such as deamination of alanine58 and glutamine depletion59. CHO cultures 

often have an initial accumulation of lactate and, under the right conditions can switch to 

lactate consumption60-62. The exact mechanism of this shift is unclear; however some 

studies suggest nutrient depletion59,63-65, perturbation of pH and/or temperature66,67, and 

increased oxidative capacity68. The switch to lactate consumption is critical as lactate 

accumulation inhibits cell growth69 and acidifies uncontrolled cultures70. Ammonia and 

lactate metabolic pathways have both been the targets of gene knockdown to mitigate 

formation71. Further process control methods have examined adaptation of cells to media 

containing waste products72, pH-based delivery of glucose73, limiting addition of certain 

amino acids74, and feeding lactate to cultures75. Multiple stress response mechanisms 

have been observed within CHO cells at the substrate58, transcriptomic76, and 

epigenetic77 levels to mitigate environmental and metabolic challenges, but less has been 

reported on the relationship of lactate and ammonia to CHO cell genome instability12. 

 

2.1.4 CHO Reference Genome 

Studying the CHO genome became more accessible in 2011 when the first 

reference genome for the CHO K-1 cell line was published78. This first publication 

provided large contigs, or scaffolds, comprising 2.45 Gb were used to develop the 21 

chromosome-scale scaffolds and more than 24,000 genes were annotated. Despite 

inconsistencies in the number of chromosomes reported in previous CHO K-1 karyotypes, 

karyotypes performed to validate the reference genome confirmed the existence of 21 
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non-overlapping, chromosome-scale scaffolds. Many smaller scaffolds were still 

unplaced in the chromosome-scale scaffolds. The current standard for the CHO reference 

genome, known as PICRH from the Chinese hamster, was released in 2019 and contains 

97% of the genome in 11 chromosomes or mega-scaffolds79. Unplaced scaffolds in this 

construction were reduced from 1,830 to 647. Further advancements in sequencing 

technology, such as the development of single molecule real time (SMRT) sequencing, 

would allow for more in depth characterization of ‘omics datasets. 

 

2.2 Genome instability and extrachromosomal circular DNA 

2.2.1 Causes and implications of genome instability  

Genome instability is the accumulation of variants throughout a genome28,80. 

Instability can refer to single-nucleotide changes such as single nucleotide 

polymorphisms (SNPs), insertions/deletions (INDELs)81, and larger structural changes 

such as chromosome rearrangement82,83, or changes in ploidy84. Variation in the genome 

can occur through a variety of mechanisms such as replication stalling85 or replication 

fork collapse86,87, genotoxic compounds in the environment88-90, double-strand breaks91, 

regulatory errors92, and chromothripsis93. A genome become more unstable when 

variants or rearrangements arise within coding or regulatory regions of genes responsible 

for maintaining genome fidelity; specifically, genes responsible for mismatch repair33,36,94-

97, cell cycle regulation98-100, and DNA damage repair101-103. Damage to these regions 

allows mutations to perpetuate in daughter cells and permeate into the cell population104. 

In multicellular organisms, genome instability is often the cause of carcinogenesis105.  
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Biomarkers of genome instability have become an important tool in cancer 

diagnosis. One of the most well-known biomarkers of genome instability is the Bethesda 

Panel: a set of 13 microsatellite regions found to be unfaithfully replicated in instable 

human genomes106. Microsatellites are repetitive sequences that contain four or more 

repeats of a short nucleotide motif107. Due to the structure of microsatellite loci, 

sequences are often replicated incorrectly108. As such, assessing the length of well-

studied microsatellites in humans can correlate with the degree of genome instability109-

111. This technique has shown effectiveness in diagnosing multiple cancer types such as 

colorectal110,112, gastric113, and endometrial114. Recently, evidence of a new potential 

biomarker for genome instability-linked cancers has emerged in the form of 

extrachromosomal circular DNA (eccDNA)8,115. EccDNAs are considered hallmarks of an 

unstable genome3,116. EccDNAs are currently poorly understood in CHO cells and will be 

further studied in this work.  

 

2.2.2 EccDNA discovery, prevalence, and classification 

EccDNAs were first identified in boar sperm cells in 1964117. Since the initial 

observation, eccDNAs have been observed in multiple species across kingdoms including 

plants118-120, yeast4,121, drosophila122, mice123, HeLa cells124, both somatic and cancerous 

human tissue6,125-129, and CHO cells7,130. It is hypothesized that the broad prevalence of 

eccDNA could be indicative of a conserved biological function. EccDNA is a broad term 

that refers to all circular DNA within a cell. Well known subcategories of eccDNA include 

small poly-dispersed circular DNA (spcDNA), telomeric circles (t-circles), microDNA, 

extrachromosomal ribosomal DNA (ERCs), and double minute chromosomes (DMs); all 
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have varying size and functionality such as telomere maintenance131, regulation of 

microRNA132,133, ribosomal RNA templates134,135, and gene amplification119,136-138. 

Recently, eccDNA functions identified have expanded to include intracellular 

communication139 and innate immune responses8,140.  

 

2.2.3 EccDNA structure 

2.2.3.1 Size and biogenesis  

While structurally similar to plasmids, a distinguishing characteristic is that 

eccDNAs originate from the host genome141. EccDNAs come from a variety of error-prone 

biogenesis pathways including but not limited to recombination between tandem repeat 

regions122,142, replication errors143,144, chromothripsis138, VDJ-like recombination137, and 

episome aggregation145. EccDNAs can range in size from tens of bases to millions of 

bases146. Some eccDNAs have been observed to have a higher-order chromatin 

structure147. While eccDNAs exist in the extranuclear space, eccDNAs are capable of 

reintegration into the genome due to the sequence structure9,145 and may act as mobile 

elements. Due to the repetitive structure of eccDNA, some hypothesize that this enables 

eccDNAs to recombine with multiple sequences from distal regions of the genome to form 

larger eccDNAs, though further study is required to support this hypothesis.   

 

2.2.3.2 Repeat motifs 

Many repetitive regions of the genome are highly susceptible to eccDNA 

biogenesis122,123,134,142 which results in many eccDNAs harboring some form of repetitive 

motif. In Drosophila, eccDNAs were found to account for up to 10% of all repeat content 
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in the genome; these repetitive sequence structures were shown to initiate eccDNA 

biogenesis via intramolecular homologous recombination122. EccDNAs in Amaranthus 

palmeri, or pigweed, have been observed to contain simple repeats, long terminal repeats 

(LTRs), and other low complexity regions119. Furthermore, geographically distal 

populations of A. palmeri were observed to have some variation in distribution of repetitive 

motifs on eccDNAs119. Long interspaced nuclear elements (LINEs) were also identified in 

A. palmeri. In humans, LINEs tend to be transcriptionally silent, but are capable of 

retrotranscription and may cause disruptions in coding regions148. Other notable repetitive 

elements identified in A. palmeri eccDNAs are short interspaced nuclear elements 

(SINEs). SINEs are also retrotransposons and originate from transfer RNA (tRNA) 

sequences149.  

 

2.2.3.3 Origins of replication and centromeres 

EccDNAs have been observed to contain sequence motifs consistent with known 

origins of replication118. In yeast, up to 80% of studied eccDNAs contain sequences that 

enable autonomous replication4. Autonomous replication of eccDNAs increases the 

impact of eccDNA on a cell’s phenotype. Further, centromeres have yet to be identified 

on eccDNA as of this writing9,138,150. A lack of centromeres prevents equal segregation of 

eccDNAs between daughter cells. Uneven segregation can worsen heterogeneity in cell 

populations as some daughter cells may receive a high copy number of an eccDNAs 

while the other daughter cells could receive none. 
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2.2.4 EccDNA functions 

2.2.4.1 Gene amplification and overexpression 

Gene overexpression is the best characterized function of eccDNA. Excessive 

gene expression leads to phenotypic heterogeneity that can allow a subpopulation of 

organisms or cells to gain a selective advantage. An eccDNA amplified in germline cells 

can result in an entire organism with a selective advantage as seen in A. palmeri5. 

Specifically, eccDNA-mediated overexpression of the gene Epsps was shown to enable 

rapid metabolism of glyphosate5, the active ingredient in commercial herbicides. This 

eccDNA resulted in geographically distal populations of A. palmeri with eccDNA-mediated 

glyphosate resistance119. Further, eccDNA amplified in a single cell can lead to mosaicism 

in the local tissue as seen in human cancers9,151. Overexpression of known oncogenes, 

such as Myc152, via eccDNA has been observed in many cancer types, particularly those 

with poorer prognoses153. Additionally, gene amplification, such as the epidermal growth 

factor receptor (Egfr), can confer resistance to common therapeutics154. Mobility of 

eccDNAs allows for transposition and recombination between sequences to create large 

eccDNAs harboring multiple genes5.  

 

2.2.4.2 Transposable elements 

Circular transposable elements, or helitrons, were first observed in Arabidopsis155. 

Helitrons are amplified via rolling circle amplification using a single-stranded DNA 

template156,157 and go through a circular DNA intermediate when moving around the 

genome146. Functionally, helitrons have been observed to interrupt genes through 

insertion158, and amplify portions of genes to create truncated proteins159. The 
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distinguishing features of helitrons are the 5’ motif T (C/T) and the 3’ motif CTRR. 

Furthermore, helitrons carry large, palindromic motifs ranging from 16 to 20 bp and are 

capable of forming a hairpin near the 3’ terminus157. By this convention, all helitrons are 

eccDNAs, but not all eccDNAs are helitrons. 

 

2.2.4.3 Protein turnover 

Previous studies in Arabidopsis and A. palmeri have identified a significant number 

of transfer RNA (tRNA) genes encoded on eccDNAs119,120. It is speculated that additional 

tRNA genes allows for more rapid adaptation by modulating protein turnover160,161. In 

Saccharomyces cerevisiae, when tRNA genes were intentionally removed, the deleted 

gene would eventually be restored by mutating another tRNA gene; this demonstrated 

that tRNA gene modifications are an essential adaptation mechanism160. Another study 

in S. cerevisiae showed that the tRNA pool is highly dynamic and tRNA abundance was 

hypothesized to be modulated by the cell to affect translation of proteins related to a 

diverse spectrum of external stresses161.  

 

2.2.4.4 Potential biomarker 

EccDNAs are present in somatic and oncogenic human tissue6,115,129; however, 

are more prevalent in cancer tissue. This segregation is likely due to erroneous DNA 

repair and/or recombination genes in cancer cells3. Human plasma has been shown to 

harbor eccDNA as apoptosis and cell lysis leads to the release of eccDNAs into 

circulation6. Further, releasing eccDNAs in circulation has been shown to trigger an 

immune response in humans140. With technology now enabling better detection of 
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eccDNAs, more evidence is emerging that suggests eccDNAs could be reliable 

biomarkers for cancer162. The increasing importance of eccDNA in cancer diagnostics 

and treatment have led to the development of a shared database, eccDNAdb, which 

contains information on structure and gene content of eccDNAs found across 57 different 

cancer types163. A similar reference circulome or database of eccDNAs in CHO cells 

under different stresses across multiple cell lines would aid in potential identification of an 

eccDNA marker of genome instability.  

 

2.2.4.5 Adaptation and two-speed genomes 

The high frequency of eccDNAs originating from repeat-rich regions of the genome 

supports the hypothesis of two-speed genomes which was originally described in 

eukaryotic plant pathogens. Two-speed genomes refer to two subgenomes: a slower, 

gene-rich subgenome and a faster, repeat-rich subgenome164. Gene-rich regions tend to 

maintain stable “housekeeping” genes, those necessary for day-to-day functions within 

the cell, while repeat-rich regions contained genes that would benefit from variation, such 

as virulent effectors. A study of the Fusarium graminearum genome identified 350 genes 

in the faster, repeat-rich subgenome. These genes had lower GC content, were shorter 

in length, and had higher variation in exon counts when compared to the slower genome. 

Further, genes within the faster subgenome were found to be linked with pathogenicity; 

chromatin of the faster subgenome was found to be open during an infectious cycle165. 

EccDNAs have been characterized in a similar filamentous plant pathogen, Magnaporthe 

oryzae. M. oryzae eccDNAs were shown to have a broad diversity of transposable 

elements, genes, and virulent effectors166. Research on two-speed genomes is still 
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relatively new and has primarily focused on plant pathogens as of this writing. However, 

the susceptibility of repeat-rich regions of the genome to eccDNA biogenesis could imply 

a link between eccDNA and adaptation. 

 

2.2.5 Future directions of eccDNA work 

2.2.5.1 Detection methods 

Advancements in sequencing technology and library preparation techniques have 

greatly enabled study of eccDNA in recent years; however, some optimization is still 

desired. Purifying eccDNA from linear genomic DNA is often overcome by rolling circle 

overamplification of circular DNA as described in CIDER-seq10. In this scenario, linear 

DNA is greatly underrepresented compared to circular DNA in the sample; however, this 

method is nonquantitative as smaller eccDNAs are capable of more rapid synthesis. 

Another source of contamination in eccDNA library preparation is mitochondrial DNA 

(mtDNA)167. In humans, mtDNA is a double-stranded, circular sequence of approximately 

16,500 bp harboring 37 genes168. Recent work has demonstrated in vivo removal of 

mtRNA in mouse and human cell lines using specific CRISPR-Cas9 constructs to improve 

efficiency of eccDNA library preparation169. Quantifiable methods of eccDNA library 

preparation are highly desired to capture an accurate eccDNA profile in samples without 

using a prohibitive amount of starting material.  

 

2.2.5.2 Trait engineering 

Artificial eccDNA and ring chromosomes have been constructed using a CRISPR-

Cas9 expression cassette170. Using HEK-293T cells as a model cell line, this work 
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showed that multiple eccDNA of varying sizes can be generated from multiple parts of the 

genome. While using eccDNA as an expression cassette would be a desirable goal for 

trait engineering, the variability and instability of eccDNA remains a challenge. As of this 

writing, little is known about successful optimization of native eccDNA, or synthesizing 

artificial eccDNA, to act as expression cassettes171. Arguably, the largest barrier to 

eccDNA engineering is the unequal segregation of eccDNAs between daughter cells as 

this creates unwanted phenotypic heterogeneity and inconsistent results150. Designing a 

reliable sequence motif to enable equal segregation of eccDNAs would be an ideal initial 

step in constructing an expression cassette. In nature, many viral genomes, such as 

Epstein Barr, have such genome persistence mechanisms172, yet no such reliable 

sequence motif has been identified on eccDNA.  
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CHAPTER THREE 

 

MICROEVOLUTIONARY DYNAMICS OF ECCDNA IN CHINESE HAMSTER OVARY 

CELLS GROWN IN FED-BATCH CULTURES UNDER CONTROL AND LACTATE-

STRESSED CONDITIONS 

 

3.1 Abstract 

Chinese hamster ovary (CHO) cell lines are widely used to manufacture 

biopharmaceuticals. However, CHO cells are not an optimal expression host due to the 

intrinsic plasticity of the CHO genome. Genome plasticity can lead to chromosomal 

rearrangements, transgene exclusion, and phenotypic drift. A poorly understood genomic 

element of CHO cell line instability is extrachromosomal circular DNA (eccDNA) in gene 

expression and regulation. EccDNA can facilitate ultra-high gene expression and are 

found within many eukaryotes including humans, yeast, and plants. EccDNA confers 

genetic heterogeneity, providing selective advantages to individual cells in response to 

dynamic environments. In CHO cell cultures, maintaining genetic homogeneity is critical 

to ensuring consistent productivity and product quality. Understanding eccDNA structure, 

function, and microevolutionary dynamics under various culture conditions could reveal 

potential engineering targets for cell line engineering. In this study, eccDNA sequences 

were investigated at the beginning and end of two-week fed-batch cultures in an 

ambr®250 bioreactor under control and lactate-stressed conditions. This work 

characterized structure and function of eccDNA in a CHO-K1 clone. Gene annotation 

identified 1,551 unique eccDNA genes including cancer driver genes and genes involved 
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in protein production. Furthermore, RNA-seq data is integrated to identify transcriptionally 

active eccDNA genes.  

 

3.2 Introduction 

Chinese hamster ovary (CHO) cell lines are broadly used in the manufacturing of 

biopharmaceuticals due to ease of culture, adaptability to manufacturing processes, and 

tolerance to genetic manipulation2,22. While CHO cell lines are immortalized and capable 

of indefinite culture, the adaptability of CHO cell lines can lead to unintended phenotypic 

drift, referred to as cell line instability. For example, the most common biopharmaceutical 

products produced by CHO cells, monoclonal antibodies (mAbs), are metabolically 

challenging to produce. Exclusion of the transgene is a common mechanism to alleviate 

the cell’s metabolic burden at the cost of losing productivity32. This loss of culture 

productivity is one of the barriers to continuous biomanufacturing31. The most common 

culture method in biomanufacturing is fed-batch cultures where the bioreactor is 

periodically supplemented with nutrients; however, these additions contribute to the 

accumulation of metabolic waste products such as ammonia and lactate, that impart a 

stressful environment on the cells which can lead to genome instability and culture 

termination12,58,70.  

 

The clonability of CHO cells is partially due to the inherent plasticity of the CHO 

genome27. This plasticity can lead to rearrangements and variant accumulation within 

critical regions of the genome, such as DNA repair mechanisms, that leads to genome 

instability30,173. Most recombinant CHO cell lines exhibit genome instability after a short 
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time due to the inherent plasticity of the CHO genome 2,21,31. Genome instability can have 

multiple detrimental effects on cultures such as decreased productivity, poor product 

quality, and decreased cell viability 31,174. Various engineering attempts to maintain 

genome stability have been explored such as site-directed transgene integration 41, 

promoter engineering 40,175, and waste product reduction 72,73 with varying levels of 

success: Site-directed integration allowed for more consistent generation of clones with 

transgenes inserted into stable safe harbors, modifications of the cytomegalovirus (CMV) 

promoter prevented reduction of productivity in some clones, and alternative feeding 

strategies, such as pH-mediated delivery of glucose, reduced the accumulation of lactate.  

 

A poorly understood genomic entity that contributes to gene expression alterations, 

chromatin maintenance, and genetic heterogeneity that may also have a role in cell line 

instability and phenotypic drift in CHO cells is extrachromosomal circular DNA (eccDNA). 

EccDNA is a hallmark of genome plasticity119,162,176-181 and has been identified within 

many eukaryotes such as yeast, plants, and drosophila4,5,117,127,129. In humans, eccDNA 

has been observed to contain amplified oncogenes and drug-resistant genes in 

cancers126,138,150,151; and in blood plasma6,138,150,151. The broad prevalence of eccDNA 

across kingdoms as well as in both diseased and normal tissue6 likely indicate a 

conserved biological function. The eccDNA content in an organism seems to be dynamic 

and change as cells age in terms of abundance, size, sequence composition, and 

structural peculiarities136,178,179,182. These circularized, focal amplifications of small 

segmental chromosomal DNA look and function similar to episomes and constitute a 

rapidly accessible pool of genetic heterogeneity for the cell to utilize as the environment 
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changes136. EccDNA are often found in high copy numbers, which imparts ultra-high 

levels of gene expression 5,151,154. Gene overexpression can serve as a rapid stress 

response mechanism183, which can lead to genetic mosaicism and phenotypic drift150. 

Historically, eccDNA were first observed in CHO cells by Stanfield et al. in 1984 where 

they reported the presence of circular DNA with high homology to repetitive sequences130. 

Further sequencing studies confirmed eccDNA are partially composed of satellite DNA 

and show evidence of homologous recombination during biogenesis7; however, neither 

study identified genes encoded on eccDNA in CHO cells.  

 

This study aims to characterize the sequence structure, function, and 

microevolutionary dynamics of eccDNA within a monoclonal antibody-producing CHO cell 

line grown in tightly controlled fed-batch cultures. Samples were collected at the 

beginning and end of cultures for sequencing. A lactate stress was added to duplicate 

bioreactors to understand the impact of culture stress on eccDNAs. EccDNAs were 

discovered and annotated for genes and structural features such as repeat motifs, 

transfer RNA (tRNA) content, and replication origins. The identified genes were mapped 

to the respective human orthologs for functional profiling in gene ontology (GO) and 

KEGG pathway analyses. Transcriptome data was also obtained and intersected with 

eccDNA data to identify potentially transcriptionally active eccDNA genes. Characterizing 

the dynamics of eccDNA content, or the circulome, in recombinant CHO cells under 

control and lactate-stressed conditions will improve our understanding of genome 

plasticity, cell line instability, stress response mechanisms, and implications in 

biopharmaceutical manufacturing. 
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3.3 Materials & Methods 

3.3.1 Cell culture 

Clone A11, a recombinant CHO-K1 cell line expressing an anti-HIV monoclonal 

antibody (VRC01) that was generated and donated by the NIH, was scaled up through 

four passages at three-day intervals post thaw from 1 mL working cell banks stored in 

liquid nitrogen. The inoculum train was expanded in 250 mL shake flasks with a 70 mL 

working volume and maintained at 37ºC, 5% CO2, and 180 rpm. Bioreactors used in this 

study were ambr®250 vessels (Sartorius Stedim, Gottingen, Germany) with two pitched 

blade impellers and an open pipe sparger (vessel part number: 001-5G25). Bioreactors 

were inoculated with a target seeding density of 0.4x106 cells/mL and a working volume 

of 210 mL in ActiPro media (Cytiva) supplemented with 6 mM of glutamine. Feeding 

began on Day 3 and followed a pyramid feeding scheme (3%/0.3% v/v Days 3-4, 4%/0.4% 

v/v Days 5-6, 5%/0.5% v/v Days 7-8, 4%/0.4% v/v Days 9-10, 3%/0.3% v/v Day 11 and 

beyond) with Cell Boost 7a/b (Cytiva), respectively.  

 

Temperature and pH were controlled to 36.5ºC and 6.9 +/- 0.1, respectively. The 

pH was maintained using CO2 and sodium bicarbonate; dissolved oxygen (DO) was 

maintained at 50%. The PID settings have been previously reported as the results of the 

third tuning in Harcum et. Al 202250. A 10% antifoam solution (Cytiva) was added via a 

control loop as needed. To induce a lactate stress, a highly concentrated (1.338 M) 

sodium lactate solution was added at 12, 24, and 36 hours post-inoculation to duplicate 

cultures to increase the lactate concentration in 10 mM increments for a total 30 mM 

addition. Bioreactors were sampled daily for cell density (Vi-Cell, Beckman Coulter), 
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metabolite concentrations (Cedex Bio Analyzer, Roche), and to collect cell pellets for 

eccDNA and RNA analysis. Cell pellets were obtained by centrifuging culture broth at 

approximately 10,000x g for 10 minutes at 4°C, treated with RNAlater, and stored at -

20°C until needed for nucleic acid extraction. 

 

3.3.2 Library preparation 

Cell pellets were split for RNA and gDNA extraction. Extractions were conducted 

with RNeasy midi kits (Qiagen, 74004) and DNeasy Blood and Tissue kits (Qiagen, 

69504), respectively, per the manufacturer’s instructions. Extracted RNA was quantified 

using a NanoDrop spectrophotometer and treated with DNase before sequencing. The 

gDNA was quantified using a Qubit Fluorometer (Thermo) prior to circular DNA 

enrichment. EccDNA was randomly amplified per the Circular DNA Enrichment 

sequencing (CIDER-Seq) protocol 10. CIDER-Seq uses a Phi29 polymerase and exo-

resistant random primers to randomly amplify circular DNA via rolling-circle amplification. 

This reaction was performed at room temperature over an 18-hour incubation. After 

amplification, circular sequences were debranched and the branches released and 

repaired to improve yield. EccDNA was then isolated using magnetic bead purification 

(KAPA Pure Beads, Roche, KK8000) prior to sequencing. SMRTbell barcodes were 

adapted to the samples by the sequencing vendor prior to sequencing using a PacBio 

Sequel II with HiFi reads. 
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3.3.3 Bioinformatic pipeline 

The DeConcat algorithm was used to process the raw sequence data obtained 

from PacBio Sequel sequencing10. The confirmed eccDNA sequences for each replicate 

were compiled into a singular file per experimental condition and clustered to a 90% 

similarity threshold using CD-HIT184,185. The clustered sequences were then screened for 

repeat sequences using RepeatMasker v4.1.1 (Smit, AFA, Hubley, R & Green, 

P. RepeatMasker Open-4.0.2013-2015 <http://www.repeatmasker.org>) to characterize 

and mask repetitive motifs before annotating gene content using Maker186. The confirmed 

eccDNA sequences were mapped to respective chromosomal origins and intersected 

with 500 kbp genome windows to characterize biogenesis locations187,188. The content of 

tRNA was summarized using tRNAscan-SE 2.0189. Functional profiling of eccDNA genes 

was conducted using gene ontology (GO) and KEGG pathway analyses (detailed 

below)190 with ClusterProfiler191,192. Furthermore, to annotate potential origins of 

replication, databases of known mammalian origins of replication and autonomous 

replication motifs were compiled from NCBI (retrieved on 07/14/2022, Supplementary 

Table S3.1) and used to BLAST search against a confirmed eccDNA sequence 

database193. The raw RNA-seq data were cleaned of sequencing adapters and low-

quality bases with the Trimmomatic194 software and quality checked with FastQC, 

respectively. Clean sequence data was aligned to the reference transcriptome using 

Bowtie2 read aligner195, transcript abundance calculated using RSEM196, and 

differentially expressed genes identified using edgeR197 (p ≤ 0.001, FDR ≤ 0.05). EccDNA 

and RNA sequences were called for variants against the Chinese hamster PICRH and 

CHO-K1 reference genomes using Varscan198. Transcripts containing SNPs that suggest 
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an eccDNA template were then visually analyzed using Integrative Genome Viewer 

(IGV)199.  

 

3.3.4 Gene function analysis and literature mining for eccDNA and genome 

instability-linked genes  

Human eccDNA-relevant genes from literature were identified by Entrez Gene IDs 

from PubTator gene annotations200. PubMed Medline was queried with 

“extrachromosomal DNA” (ecDNA) and “extrachromosomal circular DNA” (eccDNA) to 

obtain available full-text article  PMCIDs. The PMCIDs were used to retrieve the BioC xml 

files accessible from PubTator Central, which provides gene annotations in the full text 

articles 201. The tool ezTag202 was used to display the BioC xml files to allow for efficient 

manual curation of the gene entities (namely, to remove the non-relevant genes 

mentioned only in the reference sessions, and validate gene annotations provided by 

PubTator). The curated eccDNA-relevant human genes (N=431) were collected and 

hereinafter referred as eccDNA-relevant genes known from literature (Supplementary 

Table S3.2). Chinese hamster genes with human orthologs were identified based on 

NCBI ortholog assignment (ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/gene_orthologs.gz 

release of 02/23/2022, Supplementary Table S3.3). ClusterProfiler was used for GO and 

KEGG pathway enrichment analysis192. Human genes linked to genomic instability 

(N=2,897) from literature12 were also used to intersect with the genes on CHO eccDNAs 

detected in this study. 
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3.4 Results 

3.4.1 Phenotypic cell culture data 

To characterize eccDNA dynamics within CHO, cells expressing VRC01 were 

cultured in an ambr®250 bioreactor system under fed-batch conditions in duplicate 

cultures with and without a lactate stress. Samples for eccDNA analysis were taken 

immediately after cells were inoculated into the bioreactor (Day 0), which resulted in four 

replicate samples (N=4). The duplicate control and duplicate lactate-stressed samples for 

eccDNA analysis were collected on Day 12 (Control Day 12, Lactate-stressed Day 12 

respectively; N=2 each). The lactate stress resulted in lower growth rates, yet did not 

negatively impact cell viability (Figure 3.1a). Lactate-stressed cultures began lactate 

consumption on Day 2, while control cultures switched to lactate consumption on Day 4 

(Figure 3.1b). Recombinant protein titers were lower for the lactate-stressed cultures 

(Figure 3.1c). The cell specific productivity was also lower for lactate-stressed cultures 

(Figure 3.1d).  
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Figure 3.1: Growth characteristics for control and lactate-stressed CHO cell 

cultures. a) Viable cell density (VCD) (106 cells/mL) and cell viability (%), b) Lactate 

(g/L), c) Titer (g/L), and d) Cell-specific productivity (pg/cell•day). Control cultures 

(purple circles) and stressed cultures (orange squares) N=2. Error bars represent 

standard deviations.   
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3.4.2 Characterization of eccDNA sequence structure and gene content 

EccDNAs were captured, sequenced, and verified following the CIDER-Seq 

pipeline (See Methods). The eccDNA predict algorithm identified 95,517 sequences 

across the three experimental conditions. Clustering of the eccDNAs at a similarity 

threshold of 90% collapsed similar sequences together to account for sequencing errors 

and short reads to a total of 76,317. Sequence length ranged from 21 bp to 24,309 bp. 

Mean sequence length was 4,063 bp in Day 0 samples and was a bit lower for the Day 

12 samples, 3,579 bp and 3,534 bp for control and lactate-stressed Day 12 samples, 

respectively. Approximately 37% of bases were identified as repetitive motifs and 

masked. Long interspaced nuclear elements (LINEs) were the most abundant repeats 

identified in all three experimental groups followed by long terminal repeat (LTR) 

elements and short interspaced nuclear elements (SINEs). Distribution of repetitive 

motifs were mostly consistent across conditions, though lactate-stressed Day 12 

samples had more LINEs (16.0%) than control Day 12 (14.3%) or Day 0 (13.3%) 

samples. tRNA motifs were predicted and found to be in relatively high abundance 

among the observed eccDNAs. For the Day 0 samples, there were 4,520 sequences 

(9.81%) that contained one or more tRNA motifs while the Control Day 12 and Lactate-

stressed Day 12 samples had 1,182 (7.86%) and 1,151 (7.56%) tRNA motifs, 

respectively. The full tRNA annotation data can be found in Supplementary Tables 

S3.4-3.6. A database of known mammalian origins of replication was queried to identify 

sequences harboring motifs associated with autonomous replication. In the Day 0 

samples, 4,639 sequences (10.1%) were observed to have an origin of replication motif 

with 95% or greater homology to a known mammalian origin of replication. For the Day 
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12 samples, only 134 (0.89%) and 12 (0.078%) origin of replication motifs were found 

in the Control and Lactate-stressed samples, respectively. The full origin of replication 

results can be found in Supplementary Tables S3.7-3.9 and a detailed summary of 

sequence composition can be found in Table 3.1.  
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Table 3.1: Sequence characteristics for eccDNA sequences from control and lactate-stressed cultures including 
repetitive motif content, gene content, tRNA content, and potential origins of replication. Sequences were grouped 
by condition and clustered for similarity (>90%). The Day 0 samples include all four bioreactors, while Day 12 samples 
include duplicate bioreactors for control and lactate-stressed respectively. 

Condition Sequences
Sequences 

Clustered
Max Length (bp)

Average 

Length (bp)
Total Bases

Repeat bases 

masked
GC (%)

eccDNA with 

genes

eccDNA with 

tRNA 
ORI (>95%)

Day 0 56,460 46,053 24,113 4,063 187,135,316 bp
67,898,424 

bp ( 36.28 %)
40.85% 1,622 (3.52%) 4,520 (9.81%) 4,639

Control Day 12 19,354 15,047 24,309 3,579 53,852,662 bp
19,774,911 

(36.72%)
40.92% 486 (3.23%) 1,182 (7.86%) 134

Stressed Day 12 19,703 15,217 21,482 3,534 53,776,705 bp
20,494,955 

bp ( 38.11 %)
40.51% 451 (2.96%) 1,151 (7.56%) 12

Repeat Structure Subcategory
Number of 

Sequences
Base pairs (bp)

Percent of 

total bases

Number of 

Sequences

Base pairs 

(bp)

Percent of 

total bases

Number of 

Sequences
Base pairs (bp)

Percent of 

total bases

SINEs: 117,690 15,191,341 8.12 31,575 4,032,279 7.49 30,448     3,883,277  7.22

Alu/B1 49,213 5,792,592 3.10 13,346 1,563,504 2.9 12,844     1,497,972  2.79

MIRs 6,756 759,480 0.41 1,764 195,634 0.36 1,643      186,465  0.35

LINEs: 57,169 24,875,542 13.30 16,901 7,686,694 14.3 18,410     8,590,588 16

LINE1 52,788 562,110 12.90 15,764 7,508,682 13.9 17,240     8,407,560 15.6

LINE2 3,575 83,775 0.3 918 144,521 0.27 932      149,331    0.28

L3/CR1 567 83,775 0.04 160 24,152 0.04 166       23,420    0.04

RTE 213 34,675 0.02 54 8,805 0.02 63        9,279    0.02

LTR elements: 62,652 17,620,142 9.42 18,266 5,017,165 9.32 18,007     4,909,086  9.13

ERVL 5,964 1,634,524 0.87 1,700 461,014 0.86 1,650      420,104  0.78

ERVL-MaLRs 28,941 7,395,572 3.95 8,234 2,054,567 3.82 8,092     1,991,508  3.7

ERR_class I 5,591 1,136,525 0.61 1,709 330,819 0.61 1,645      326,866  0.61

ERV_class II 21,634 7,209,443 3.85 6,450 2,089,133 3.88 6,451     2,103,571  3.91

DNA elements: 11,960 2,185,216 1.17 3,351 588,742 1.09 3,250      567,968  1.06

hAT-Charlie 7,181 1,238,630 0.66 2,060 340,327 0.63 2,002      329,155  0.61

TcMar-Tigger 3,066 635,180 0.34 808 161,611 0.3 803      162,637    0.3

2,445 921,187 0.49 684 255,392 0.47 768      322,187    0.6

- 60,793,428 32.5 - 17.580,272 32.7 - 18,273,106 34

3,405 267,780 0.14 1,071 87,090 0.16 929       71,975    0.13

6,319 2,860,952 1.53 1,994 937,053 1.74 2,066     1,001,624  1.86

74,529 3,580,819 1.91 21,490 1,054,443 1.96 20,814     1,033,385  1.92

9,021 456,155 0.24 2,547 130,081 0.24 2,518      130,232  0.24

Lactate-stressed Day 12 

Unclassified:

Total Interspaced Repeats:

Small RNA:

Satellites

Simple Repeats

Low Complexity

Day 0 Control Day 12
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 Next, the 76,317 eccDNAs were analyzed for coding sequences (protein-coding 

genes). A total of 2,559 sequences (3.35%) were found to harbor one or more genes or 

gene fragments. All gene annotations are listed in Supplementary Tables S3.10-3.12. 

The distribution of gene content was observed to be relatively consistent across the three 

conditions (3.52% of Day 0, 3.23% of Control Day 12, and 2.96% of Lactate-stressed Day 

12 sequences). These sequences contained 1,551 unique genes across the three 

conditions. The majority of these genes, 1,364 (88.0%), were only observed in one of the 

three conditions. However, 143 genes (9.21%) were observed in two conditions and 44 

genes (2.83%) were observed in all three conditions. Interestingly, the gene content 

distribution was biased towards the Day 0 samples which included four bioreactors versus 

only two bioreactors for the control and lactate-stressed cultures, as the Day 0 samples 

were biologically identical at this timepoint. The distribution of genes across the conditions 

is summarized in Figure 3.2.  

 

Figure 3.2: Venn diagram of the genes identified on eccDNA using CIDER-Seq. 

Day 0 is blue, Control Day 12 is red, and Lactate-stressed Day 12 is yellow. 
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3.4.3 EccDNA-encoded gene functional enrichment and text-mining analysis 

A survey of biological function of the detected genes in CHO culture eccDNA 

sequences was performed using the enrichment analysis of GO hierarchy203 and KEGG 

pathways. Gene lists for each culture condition were analyzed for enriched functions. 

Multiple GO biological process terms were found to pertain to translation, such as 

cytoplasmic translation, non-coding RNA (ncRNA) processing, and ribosome assembly. 

A network plot for the Day 0 GO biological process terms is shown in Figure 3.3; network 

diagram for GO terms observed in Lactate-stressed and Control samples on Day 12 are 

shown in Supplementary Figs S3.1 and S3.2. KEGG pathway analysis also showed 

significant enrichment in Ribosome and Coronavirus Disease COVID-19 pathways; 

Lactate-stressed Day 12 samples also had significant enrichment in the Folate 

biosynthesis pathway (Supplementary Figure S3.3).  
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Figure 3.3: Network diagram of significantly enriched GO biological process terms 

(adjusted p-value ≤ 0.1) for the human orthologs of Chinese hamster genes 

detected in Day 0 samples. The small gray nodes show individual genes and larger 

beige nodes indicate GO terms. The size of the beige nodes is proportional to the number 

of genes with that GO term and the colored lines indicate the GO category for which a 

gene belongs to.
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A total of 566 unique genes were manually curated from eccDNA-relevant 

literature available from PubTator Central (see Methods), which included 431 human 

genes. For these eccDNA-relevant human genes from literature, the enrichment analysis 

found 151 significantly enriched KEGG pathways (p-value ≤ 0.05) (Supplementary Table 

S3.13). Notably, many of the enriched pathways pertained to cancer (Figure 3.4a). 

Multiple eccDNA-relevant genes associated with cancer progression in humans were also 

observed on eccDNA sequences in CHO cells (Figure 3.4b). Several cancer driver genes 

are amplified via eccDNA-mediated gene duplications in various tumor types126. 

Specifically, Rac1 was observed in both the Lactate-stressed Day 12 and Day 0 samples; 

Eef1a1 was observed in Day 0 and Control Day 12 samples; Eif1ax, Gna11, Idh2 and 

Ppp2r1a were observed in Day 0 samples. Additionally, 2 genes were identified in all 

three conditions: Gapdh (glyceraldehyde-3-phosphate dehydrogenase) and Dhfr 

(dihydrofolate reductase). The presence of Dhfr on eccDNA sequences in CHO is notable 

as it is a common selectable marker gene used in CHO cell line development and was 

the selectable marker for the clone used in this study35. Further, CHO eccDNA genes 

were queried for relation to genome instability genes identified via literature mining, and 

117 genes in the Day 0, 31 genes in the Control Day 12, and 29 genes in the Lactate-

stressed Day 12 samples were identified (Supplementary Table S3.14). Functional 

profiling of genes associated with genome instability revealed significantly enriched GO 

biological processes involved in response to oxidative stress and toxic substances for the 

Day 0 and Lactate-stressed Day 12 samples (Figure 3.4c). Notably, eccDNA gene ratios 

were higher in the lactate-stressed samples compared to the Day 0 samples, despite the 
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substantial different sizes of the gene lists. No significantly enriched terms were identified 

for the Control Day 12 samples (Figure 3.4c). 
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Figure 3.4: Summary of literature mining results for eccDNA-relevant genes and 

genome instability linked genes known from literature: KEGG pathway enrichment 

and CHO culture eccDNA genes. a) Top 30 of the 151 enriched KEGG pathways for 

the eccDNA-relevant genes texted mined from literature. The node size is proportional to 

the number of genes found in the pathway, while the node color indicates the pathway’s 

statistical significance. Pathways with significantly overlapping genes are connected by 

grey lines. b) EccDNA-relevant genes identified via literature mining that were also found 

in CHO culture eccDNA sequences from one or more culture conditions: Day 0 (D0), 

Control Day 12 (C12), Lactate-stressed Day 12 (ST12). c) GO biological process 

enrichment analysis of genome instability linked genes observed on CHO cell eccDNA. 

Gene ratio reflects the fraction of genes pertaining to a GO term and the color indicates 

the statistical significance.  

 

3.4.4 Characteristics of eccDNA biogenesis sites 

There is very little knowledge regarding genomic origins of eccDNA as of this 

writing, thus, to gain a better understanding of this process, linearized eccDNA sequences 

were aligned to the CHO PICRH reference assembly, binned into 4,602 non-overlapping 

500 kb windows, and counted to identify the genomic distribution of biogenesis sites and 

possible hotspot regions. If an eccDNA is mapped to two windows, it is assigned to the 

leftmost window, however this occurrence is highly infrequent. EccDNA biogenesis sites 

were identified throughout the genome with several regions that had higher eccDNA 

mapping rates, areas considered to be hotspots. Interestingly, only 22 genomic windows 

(500kb) out of the total 4,602 500 kbp windows (< 0.5% of the genome) had no eccDNA 
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mapped to these windows within the Day 0 samples (Supplementary Table S3.15). For 

the Day 0 samples, there were 44,402 unique eccDNAs that mapped to the reference 

genome (Figure 3.5a). The mean number of eccDNA mapped to a window was 9.64 

(standard deviation of 8.02). To identify windows with the highest frequency of eccDNA 

mapping, windows were assigned Z-scores based on eccDNA mapping frequency; 58 

windows had a Z-score > 2 corresponding to 26 or more instances of mapping, and six 

windows had > 100 mapped eccDNA sequences. One window on chromosome 10 had 

the highest number of unique alignments with 187 eccDNA sequences. Chromosome 9 

had a region spanning ~2Mbp that harbored 610 eccDNAs (Figure 3.5b). This region on 

chromosome 9 also contained 30 unnamed genes, seven of which are described as 

chromatin target of Prmt1 protein-like, five are zinc-finger proteins, and one related to a 

growth inhibitor protein. A self-alignment of this region on chromosome 9 revealed a 

repetitive structure with dispersed direct and inverted repeats, tandem repetitive arrays, 

palindromic sequences, and regions with the potential for intramolecular recombination 

(Figure 3.5c). Maps for the control Day 12 and lactate-stressed Day 12 biogenesis sites 

can be found in Supplementary Figures S3.4 and S3.5 respectively, and summaries of 

biogenesis the frequencies can be found in Supplementary Tables S3.16 and S3.17. 
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Figure 3.5: Observed eccDNA biogenesis sites and characteristics. a) Chromosome-scale 

heatmap of eccDNA sequences observed for the Day 0 samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red). Figure made with minimap2 188 and 

bedtools187. b) 500 kbp windows with the highest eccDNA mapping frequencies (Top 10 from 

Day 0 only). c) Self-alignment of chromosome 9 biogenesis hot spot. Red lines indicate a direct 

repeat; blue lines indicate an inverted repeat. Plot made using Mummer204. 
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The biogenesis analysis of the Day 12 samples identified similar patterns to the 

Day 0 samples. Control Day 12 samples had 14,457 unique alignments while Lactate-

stressed Day 12 samples had 11,028 unique alignments. The mean biogenesis 

frequencies for Day 12 conditions were 3.14 and 2.39 for Control and Lactate-stressed 

samples, respectively, with respective standard deviations of 3.25 and 2.4. Control Day 

12 samples had 97 windows with Z-scores > 2 while the Lactate-stressed Day 12 samples 

had 125 windows with a Z-score > 2. Some variation in biogenesis frequency was 

observed between the three conditions; however, the 2 Mbp region on chromosome 9 

and the 500kbp window on chromosome 10 were ranked in the top 10 biogenesis sites 

for all three conditions. Detailed Information on biogenesis frequency and Z-scores for all 

conditions can be found in Supplementary Tables S3.15-S3.17. 

 

3.4.5 Identification of transcriptionally active eccDNA 

To identify eccDNA genes that may be transcriptionally active, RNA-seq data was 

intersected with eccDNA data. Observed eccDNA genes that were unique to the Day 0 

samples (916 genes) and genes unique to Day 12 samples (448 genes), were intersected 

with genes found to have a < -2 or > 2 log2 fold change respectively to correlate eccDNA 

gene loss or gain with corresponding transcriptome differences. Of the 916 genes only 

observed in Day 0 samples, 13 genes correlated with reduced transcript abundance. Of 

the 248 genes found only in Control Day 12 samples, 2 were correlated with increased 

expression; and for the 200 genes found in the Lactate-stressed Day 12 samples, 4 

followed this pattern (Figure 3.6). For context, 996 genes were found to be 

downregulated in one or both Day 12 conditions while 1,002 were found to be upregulated 
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in one or both Day 12 conditions. This implies that eccDNA had minimal impact in global 

gene expression shifts. The RNA-seq gene expression data for the 19 eccDNA genes is 

summarized in Supplementary Table S3.18 and global gene expression shifts are 

shown in Supplementary Table S3.19
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Figure 3.6: Heat map of differentially expressed genes from RNA-seq 

analysis that were only observed in one culture condition. Control is 

abbreviated as C and Lactate-stress is abbreviated as ST. Numbers in 

abbreviations are indicative of the Day samples were taken. Cells with light levels 

of shading indicate low levels of transcript abundance while darker cells 

correspond to higher levels of transcript abundance.  
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It is likely that genes encoded on eccDNA are under alternate selective pressure 

than chromosomal genes. To assign RNA transcripts directly to eccDNA, the RNA 

transcripts and eccDNA were called for variants against both the CHO-K178 and the 

Chinese hamster PICRH79 reference genomes to identify single-nucleotide 

polymorphisms (SNPs) or insertions/deletions (INDELs) specific to eccDNA. For 

example, RNA transcripts containing a SNP relative to the CHO-K1 reference genome 

that is also within the consensus eccDNA sequence may have originated from the 

eccDNA template. Using this approach, homozygous SNPs were identified on an eccDNA 

and corresponding transcripts on chromosome 9 at base 14,641,267. For the CHO-K1 

reference genome, 89% of the reads (63) at this location are adenine (A), with the 

remaining reads (8) being guanine (G). The consensus eccDNA and RNA transcripts at 

this locus are both guanine (G) in 100% of reads (Figure 3.7).  
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Figure 3.7: Example of transcripts with regions containing SNPs that may have 

originated from an eccDNA template on chromosome 9 at base 14,641,267. Rows 

from top to bottom are: location of the sequence, coverage of the CHO-K1 reference 

assembly, the CHO-K1 reference genome, consensus eccDNA sequence for the Lactate-

stressed Day 12 samples, coverage of the RNA data, RNA transcripts for the Lactate-

stressed Day 12 cultures, and the Chinese hamster PICRH reference genome. The height 

of the gray bars in the coverage row reflects the amount of coverage for each nucleotide. 

Colored bars in the coverage row reflect SNPs relative to the reference genome. 

Nucleotides are shown as: adenine (A) - green, thymine (T) - red, guanine (G) - orange, 

and cytosine (C) - blue. 
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3.5 Discussion  

Genome instability among CHO cell lines is a major contributor to declining 

productivity and product quality as cultures age; long-term cultured (LTC) cells have also 

been shown to have altered carbon metabolism due to genome instability 2,31. The altered 

metabolism of LTC cells implies that genome instability has broader impacts beyond 

expression and glycosylation of recombinant protein products. Genome instability occurs 

through a variety of mechanisms such as chromatin condensation205, DNA methylation206, 

and variant accumulation12. Variant accumulation is often accelerated when DNA repair 

and or recombination mechanisms are compromised, which can be observed via 

biomarkers such as microsatellite instability12. Cell cultures are highly dynamic 

environments that constantly change in sometimes undesirable ways. Multiple factors, 

such as nutrient depletion, increased cell densities, and waste product accumulation, 

create stress within a culture that may elicit a stress response within the cells25. Cells 

have innate signaling and regulatory mechanisms that govern gene expression and, 

ultimately, the phenotype of the cell population. The cascades of these mechanisms that 

lead to adaptation have been understood to be encoded and maintained within the main 

chromatin body. Recent evidence has shown that eccDNA can harbor and express 

genes, influence gene expression of chromosomally encoded genes, and rapidly respond 

to cellular stress5,8,125. EccDNA are poorly understood in many systems and may function 

in the genetic coordination of traits in CHO under stress and homeostatic conditions.  

 

Lactate was chosen as the stress in this study because it is a common waste 

metabolite; reducing or eliminating lactate is an intense area of research 25,61,62,72,73,75. 
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Elevated levels of lactate contribute to culture acidification; in controlled systems, such 

as the ambr®250, this can cause the system to add excessive base and/or increase the 

pCO2 level, which can increase the osmotic pressure on the cells and retard growth 

207,70,208. Furthermore, lactate has also been shown to stunt cell growth and limit cell-

specific productivity 57,69. Previous work showed that lactate becomes detrimental at 

approximately 20 mM, and culture termination will occur in concentrations exceeding 40 

mM209. The lactate stress was added incrementally in this study to avoid an overstressed 

environment while creating sufficient stress on the cultures. Preliminary shake flask 

experiments demonstrated that 10 mM doses of lactate allowed for better growth than a 

single 30 mM addition210. Further, as the osmolarity of the Control and Lactate-stressed 

cultures were not different, the slightly higher volume addition (< 2.2%) to supplement the 

lactate was considered an insignificant effector (p ≤ 0.05). The reduced VCD and cell 

specific productivities of the stressed cultures show that a sufficient stress was achieved, 

while the tightly matched viability of all cultures demonstrates that the stressed cultures 

were not overwhelmed. Thus, the lactate-stress was the major effector, as well as culture 

time.  

  

Capture and sequencing of eccDNA is a relatively new area of molecular biology 

that has been made more accessible by the rapid evolution of single-molecule 

sequencing technology such as Pacific Biosciences high fidelity (HiFi) reads. Circular 

DNA enrichment sequencing (CIDER-Seq) is an approach that circumvents the need for 

complex molecular protocols and computationally intensive analysis10. While the CIDER-

Seq makes the identification of circular DNAs more robust, a caveat to the procedure is 
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that it is not quantitative due to the uncontrolled enrichment of eccDNA via rolling circle 

amplification (RCA). It is also critical to note that this technique is biased toward smaller 

sequences as these sequences are capable of much faster replication and hence 

accumulate more rapidly than larger sequences. CIDER-Seq is also limited to the read 

length offered by the sequencing instrument, but as sequencing technologies improve, it 

is anticipated that a parallel improvement in resolution of these elements will occur. It is 

possible that longer eccDNAs exist but were missed due to these current biases. Other 

methods that do not rely on Phi-29 amplification can be employed to estimate eccDNA 

abundance; however, these methods are much more costly and require a prohibitive 

amount of starting material. These cost and material requirements make characterizing 

the full distribution of discreet eccDNA size and abundance prohibitive for CHO cell 

culture experiments on this scale. Despite the limitations associated with the CIDER-Seq 

methodology, it still yields high quality data for sequences between approximately 20 and 

25,000 bps.  

 

Analysis of repetitive regions shows that the distribution of repeat structures within 

eccDNAs observed in this study were relatively equal across each condition. The 

similarity of repeat motifs across experimental groups suggests that biogenesis of 

eccDNAs due to repeat overlapping remains consistent in CHO cells when grown in both 

control and lactate-stressed conditions. The most identified repetitive element observed 

across all conditions was LINE1 (long interspaced nuclear element). In humans, LINE1 

makes up approximately 17% of the genome211. While many LINE1s are transcriptionally 

silent in humans, some are capable of retro transcription, which can cause disruptions via 
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insertion, deletion, or rearrangement148. Another notable repeat motif, SINEs (short 

interspaced nuclear element), was also observed in relative abundance on eccDNA for 

all three conditions. SINEs are another type of retrotransposon that make up about 13% 

of the mammalian genome212. Structurally, SINEs have a conserved sequence structure 

as these transposable elements originate from tRNA sequences149. A relatively large 

portion of observed eccDNA in this study (8.98%) carried one or more tRNA motifs. 

EccDNA harboring tRNA has been previously described in Arabadopsis120. It is 

speculated that maintaining tRNA genes extrachromosomally may aid in stress response 

by facilitating rapid or high protein turnover required by a dynamic transcriptome load160. 

Other work has established that tRNA abundance is selectively modulated under stress 

conditions to regulate protein synthesis in yeast161. This could suggest an additional 

function of eccDNA within modulating protein production beyond gene expression. 

 

When eccDNA sequences were annotated for genes, an average of ~3.35% were 

found to have one or more genes. Again, because the CIDER-Seq protocol is not 

quantitative, this is not indicative of the abundance of coding eccDNA, but rather a 

representation of eccDNA with predicted gene sequences. Most of the identified genes 

were only observed in one of the three conditions. This implies that gene content is highly 

dynamic across a 12-day fed-batch culture and between stress and control conditions. A 

functional enrichment analysis using gene ontology identified significantly enriched GO 

terms among each of the three culture conditions, many of which were linked to ribosomal 

assembly, cytoplasmic translation, and ncRNA processing. This enrichment could be 

influenced by the host cell line (CHO K-1) and/or the cell line development process. While 
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we cannot comment on eccDNA content of the CHO K-1 host, it is highly likely, if not 

certain, that eccDNA is present due to the ubiquitous nature of eccDNA in normal4,127, 

disease9,138, and stressed states5.  

 

Identifying multiple GO terms linked to translation could be attributed to selection 

of a clone with a high-producing phenotype during cell line selection as this is desirable 

for biomanufacturing. These eccDNA genes could be widely dispersed through cells in 

culture if present in the original clone; however, without selective pressure, these genes 

could be lost over time, which results in reduced productivity. Clones with high-producing 

phenotypes have been observed to lose the desired phenotype over time213. While there 

are multiple factors that could contribute to this, such as transgene exclusion and variant 

accumulation2, eccDNA-mediated loss of productivity has not been studied in 

recombinant CHO cell lines. Further, the presence of Dhfr in all three conditions could be 

indicative of  attempted transgene exclusion as Dhfr is the selectable marker used for the 

CHO K-1 cell line35. More ontology terms were significantly enriched in the Day 0 

samples, however, this was likely due to the pooling of all four bioreactors for the Day 0 

gene list as opposed to two bioreactors each for the Control and Lactate-stressed Day 12 

gene lists. Yet, the Day 0 gene list had more than twice the number of genes compared 

to the Day 12 lists (1,622 genes in Day 0 versus 486 for Control Day 12 and 451 for 

Lactate-stressed Day 12). While the Lactate-stressed Day 12 and Control Day 12 had 

some variation in enriched GO biological process terms, none of the terms observed in 

the lactate-stressed Day 12 group were indicative of a stress response, but rather 

translation, ncRNA processing, and ribosome assembly; significantly enriched terms 
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observed in the Control Day 12 genes also pertained to protein production. Maintaining 

genes related to protein production on eccDNA likely aid the cells in facilitating protein 

turnover. 

 

Biochemical pathway analysis of the observed genes that are associated with 

eccDNA in humans from the literature showed a significant enrichment in multiple cancer 

pathways. Linkages between eccDNA and cancer are clear as both eccDNA biogenesis, 

and cancer progression often rely on compromised DNA repair and or recombination 

mechanisms126,127,150. Additionally, some of these genes, such as Poli (error-prone 

polymerase involved in DNA repair), Rac1 (cell growth regulator), and Palb2 (tumor 

suppressor) were observed on eccDNA in CHO cells (Figure 3.4b). Overexpression of 

these genes could accelerate cell division, increase eccDNA biogenesis or 

recombination, and hasten the onset of cell line instability. Ontology of genome instability 

linked orthologs for the genes observed on eccDNA in CHO cells showed a notable 

increase in genes related to oxidative and toxic substance stress response in the Lactate-

stressed Day 12 samples, which were not observed for the Control Day 12 samples. 

Furthermore, the fraction of cancer genes increased in the Lactate-stressed Day 12 

samples compared to the Day 0 samples despite having a much smaller number of 

eccDNA genes observed.  

 

EccDNA biogenesis has been shown to occur through multiple error-prone 

pathways such as non-homologous end joining (NHEJ), double-strand break repair, 

chromothripsis, and transcription; errors in DNA repair pathways are among the most 
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prominent biogenesis mechanisms7,121,151,214. Regions of the genome enriched with 

tandem repeats and other repetitive motifs have been observed to be more susceptible 

to eccDNA formation122,142. Due to the varied nature of eccDNA biogenesis mechanisms, 

eccDNA in humans appear to arise almost ubiquitously from the genome8. This allows 

some eccDNA to carry other functional sequences, such as autonomous replication 

sequences that enable gene copy number amplification and eccDNA permeation 5,118. 

Centromeres have yet to be identified on eccDNA 9,138,150, thus eccDNAs typically display 

uneven segregation between daughter cells, which can increase population 

heterogeneity. When mapped to the genome, eccDNA biogenesis was found to occur 

globally throughout the genome; however, a 2 Mbp region near the center of chromosome 

9 was found to have the highest frequency of biogenesis, likely due to the repetitive 

sequence structure of the region as shown in the chromosome self-alignment (Figure 

5c). It was also observed that 3.35% of observed eccDNA contained one or more genes 

or gene fragments. This is an overrepresentation of genes when compared to humans, 

as less than 2% of the human genome coding genes211. EccDNA being biased toward 

coding regions of the genome supports previous work published by Hull, which correlated 

elevated levels of gene transcription with higher eccDNA abundance in yeast121. 

 

While genes may be amplified in eccDNA, additional regions, such as promoter 

and transcription factor binding sites, are required for transcription may be excluded or 

mutated. There is ambiguity when attempting to assign a transcript to an eccDNA or 

chromosomal template. The most direct approach to identifying eccDNA-derived 

transcripts is to leverage eccDNA-specific variants relative to the chromosome-encoded 
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gene. It can be assumed that an eccDNA encoded gene is under alternate selective 

pressures than chromosomal genes, hence accumulating variants at different rates. 

However, recent focal amplifications in the form of eccDNA may contain an exact copy of 

a nuclear gene, making it impossible to know which copy is functional. Mapping variant 

transcripts to the respective template is a straightforward way to identify sequence origin; 

however, this would not reflect transcripts from high-fidelity eccDNA that closely matches 

its genomic template. In addition to having proper transcription machinery, eccDNA need 

a replication origin to permeate through the population after selection. Yet, a single 

sequence does not need to have replication origins, promoters, and gene bodies upon 

biogenesis to permeate through the population, as recombination between eccDNA can 

allow for the accumulation of functional elements. While the timespan in this experiment 

was short (12 days), recombination events likely occurred in these sequences, but would 

be more prominent in longer cell cultures, such as perfusion. 

 

Of the thirteen genes only identified in Day 0 eccDNAs that were found to be 

downregulated by Day 12, one is involved in maintaining genome stability (Nap1l1), three 

facilitate DNA repair (Nucks1, Pclaf, and Xrcc2) and three maintain or regulate chromatin 

structure (Suv39h1, Chaf1a, and Nap1l1). Two genes only observed on the Control Day 

12 eccDNA were observed to have increased transcription, while four genes were 

observed on the Lactate-stressed Day 12 eccDNAs that were upregulated. The two 

upregulated genes observed on the Control Day 12 eccDNAs included two signal 

transduction genes (Myl9, Parp16). The four upregulated genes on the Lactate-stressed 

Day 12 eccDNAs include St6galnac6, a cell surface receptor gene, Zfp36l1, a zinc finger 
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protein, Aph1b, a transmembrane protein that is part of the gamma-secretase complex215, 

and Akr1b1, an aldo-keto reductase that catalyzes NADPH-reduction of carbonyl-

compounds into alcohols215. Overexpression of Akr1b1 has been observed in multiple 

cancer types and is thought to increase Warburg effects by triggering the AKT/mTOR 

signaling pathway216. Akr1b1 overexpression in the Lactate-stressed Day 12 cultures 

could have contributed to the elevated lactate production and subsequent accumulation 

observed starting on Day 8. 

 

3.6 Conclusion 

This work has demonstrated that the eccDNA gene content within CHO cells is 

highly dynamic even across the relatively short time span of a fed-batch culture. While 

tightly controlled bioreactor systems, such as the ambr®250, are lauded for the tight level 

of culture control, internal genetic elements can still drive heterogeneity that leads to 

phenotypic drift. These issues may be difficult to address with process engineering and 

likely present a new challenge in cell line development efforts to curb genetic 

heterogeneity. EccDNA in CHO cells may bias the clone selection process by harboring 

beneficial genes for protein expression, modification, and secretion; yet, during 

production, conditions may allow phenotypic drift through amplification of genes 

responsible for cancer phenotypes or loss of beneficial genes that are unevenly 

segregated or lost in cell division. Furthermore, this work highlights the importance of 

eccDNA microevolution due to environmental disturbances, such as waste metabolite 

accumulation. Thus, eccDNA may be considered as new targets for CHO cell line 

improvement and genetic process control.  
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CHAPTER FOUR 

 

COMPARISON OF ECCDNA EVOLUTION, GENE EXPRESSION CHANGES, AND 

GENOME STRUCTURE VARIATION BETWEEN TWO REFERENCE CHINESE 

HAMSTER OVARY CELL LINES IN YOUNG AND AGED CELLS 

 

4.1 Abstract 

The utilization of Chinese hamster ovary (CHO) cell lines in biopharmaceutical 

manufacturing is widespread due to ease of use, non-susceptibility to viruses, and ability 

to perform human-like post-translational modifications to proteins. Yet, the intrinsic 

instability of the CHO genome remains a major obstacle to continuous biomanufacturing. 

Genome instability can lead to transgene exclusion, incorrect DNA repair pathways, and 

the disruption of essential biological processes. To address these challenges, two 

reference CHO cell lines, VRC01 and CHOZN GS23, have recently been publicly 

characterized in fed-batch cultures in an effort to advance our understanding of CHO 

genome instability and CHO-based bioprocessing innovation. Despite these efforts, the 

genetic underpinnings that drive CHO cell genome instability with age remain unclear. 

Extrachromosomal circular DNAs (eccDNAs) from the two reference CHO cell lines were 

sequenced. This provided insight to eccDNA evolution in long-term cell cultures and 

heterogeneity that can arise from eccDNAs in CHO cell lines from the same lineage. This 

work presents robust annotation of sequence structures, such as repeats, genes, rRNA 

templates, origins of replication, as well as corresponding transcriptome data. 

Additionally, the impact of the CHO genome architecture on eccDNA biogenesis was 
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investigated. These results identified 583 unique genes within eccDNAs across both cell 

lines, with 141 newly identified genes differentially expressed in aged CHO cells. These 

findings contribute to a greater understanding of factors that contribute to long-term CHO 

cell culture stability and have the potential to inform future innovations in the field of 

biopharmaceutical manufacturing.  

 

4.2 Introduction 

The origin of all Chinese hamster ovary (CHO) cell lines can be traced to tissue 

isolated in the 1950s13. Over time, multiple cell lineages have been derived from the 

original tissue through a combination of induced mutagenesis and/or spontaneous 

adaptation, including the common lineages CHO-S, CHO-DG44, and CHO K-12,15. The 

initial interest in CHO cells arose due to the  observable genomic rearrangements14. 

Further, CHO cell lines have become the preferred expression hosts for monoclonal 

antibody manufacturing due to ease of cloning1. However, the intrinsic plasticity of the 

CHO genome leads to genomic rearrangements217 and transgene exclusion or 

silencing37,218, which can diminish cell health and productivity2. These phenomena 

collectively decrease cell line stability219 and result in high variability in genetic and 

transcriptomic profiles in different batches of the same cell line, which has adverse 

outcomes in the context of biopharmaceutical manufacturing220. Cell line instability is a 

major limiting factor to the implementation of continuous biomanufacturing, as cell-

specific productivity tends to decline with age; typically becoming uneconomical after 

approximately 65-70 generations or population doubling levels (PDLs)2. Multi ‘omics 

studies have shown that this decline is partially attributed to the downregulation of cell 
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cycle and DNA repair genes221. Thus, a greater understanding of CHO cell genome 

instability is desired. 

  

Studies in recent years have documented the presence of extrachromosomal 

circular DNAs (eccDNAs) in oncogenic and healthy human tissue6,126,222,223, as well as in 

organisms such as yeast4,121, drosophila122, and pigeons224 in both healthy and disease-

state tissue6. While eccDNAs were first described decades ago117, these DNA structures 

have emergined as a critical biomarker for more aggressive cancers3,162. These plasmid-

like sequences arise from an organism’s genome through a variety of biogenesis 

pathways8,136 and are characteristics of plastic and/or unstable genomes3. EccDNAs are 

highly heterogeneous in sequence structure and composition115 and can serve as a 

mechanism for gene overexpression. Genes encoded on eccDNAs have been observed 

to confer selective advantages, such as oncogene amplification in cancer222 or pesticide 

resistance in pigweed5. The persistence of eccDNA can also provide a sustained 

evolutionary advantage to the cell8.  

 

The accumulation of cells possessing advantageous eccDNAs can lead to gradual 

domination and result in genetic mosaicism within an organism225. Beyond gene 

overexpression, eccDNAs have been implicated in aging through a variety of 

mechanisms.  Circularized telomere fragments, known as t-circles, have been observed 

and are thought to contribute to telomere maintenence226,227. Additionally, a significant 

role for eccDNAs in yeast aging has been demonstrated; while the content of eccDNAs 

in young yeast is diverse, it becomes homogenized with over 95% harboring ribosomal 
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DNA (rDNA) as the yeast ages228,229. Previous studies have characterized the dynamic 

nature of eccDNA content in a CHO K-1 cell line where it was found to vary greatly across 

a 12-day fed-batch culture11. An increased abundance of eccDNAs has been found to be 

positively correlated with rising genome instability150, and may contribute to the decline in 

productivity and product quality as cultures age. In contexts where maintaining 

homogeneity is critical, such as biopharmaceutical manufacturing, understanding the 

evolution of eccDNAs throughout the duration of cell culture is imperative to fully 

comprehending the expression host. 

 

Recently, two industry-relevant reference CHO cell lines, with respective medias 

and process platforms, have been characterized and made publicly available to 

accelerate bioprocess innovation230.  These cell lines, VRC01 (NIH) and CHOZN GS23 

(Millipore Sigma), both express monoclonal antibodies and have notably different 

phenotypes; VRC01 grows to higher viable cell densities (VCDs), but produces less 

recombinant protein per cell, while GS23 grows to much lower VCDs, but produces higher 

quantities of recombinant protein per cell230. Data for these reference cell lines has been 

published for industry-standard fed-batch cultures of approximately two weeks in several 

publications11,50,58,210,230. In this study, VRC01 and CHOZN GS23 cell lines were both 

characterized after long-term passages. Samples capturing early, middle, and late 

population doubling levels (PDLs) were examined. The structure and dynamics of 

eccDNAs were assessed . The effect of genome structure on eccDNA biogenesis was 

investigated as well as correlated with transcriptional changes via RNA-seq. These tools 
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were used to identify changes in eccDNA-mediated gene expression across both cell 

lines with age.  

 

4.3 Materials & Methods 

4.3.1 Cell Generation 

 A CHO K-1 derived cell line expressing the VRC01 monoclonal antibody (Clone 

A11) was donated by the National Institute of Health (NIH) and will be noted as “VRC01” 

throughout the text. The second cell line, noted as “CHOZN”, was generated using the 

CHOZN® platform and was provided by MilliPoreSignma (reference: 

https://www.sigmaaldrich.cn/deepweb/assets/sigmaaldrich/marketing/global/documents/

855/568/chozn-ucoe-white-paper-ms.pdf). Like VRC01, CHOZN is also a CHO K-1-

derived cell line. Both cell lines were grown in commercially available media as 

recommended by the manufacturer; VRC01 in ActiPro (Cytiva) supplemented with 6 mM 

glutamine and CHOZN in EX-CELL Advanced CHO Fed-batch Media (MilliporeSigma) or 

EX-CELL CD CHO Fusion (MilliporeSigma).  

 

Vials stored in liquid nitrogen were thawed and continuously passaged to generate 

cells at various ages. Cells were cultured at 37oC with 5% CO2 and 80% relative humidity 

in a shaking incubator (InforsHT) with a 25 mm throw diameter210. Cultures were 

maintained in 125 mL shake flasks with a working volume of 20-30 mL. The cultures were 

inoculated with a targeted seeding density of 0.4 x 106 cells/mL. Cell count and viability 

were measured using a Vi-Cell XR (Beckman Coulter). Cumulative PDL was calculated 

using initial and final VCD at each passage231. For the VRC01 cell line, cell banks were 

https://www.sigmaaldrich.cn/deepweb/assets/sigmaaldrich/marketing/global/documents/855/568/chozn-ucoe-white-paper-ms.pdf
https://www.sigmaaldrich.cn/deepweb/assets/sigmaaldrich/marketing/global/documents/855/568/chozn-ucoe-white-paper-ms.pdf
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generated at PDL 10, 24, 70 and 110 while the CHOZN cell banks were generated at 

PDL 20, 35, 60 and 90. The VRC01 cells were cultured in ActiPro (Cytiva) and the CHOZN 

cells were cultured in EX-CELL CD CHO fusion media (MilliporeSigma). Banked vials 

contained 1 x 107 cells in 1 mL media with 10% dimethyl sulfoxide (DMSO) (Sigma). Cell 

banks were stored in liquid nitrogen. For sequencing analysis, cells were thawed and 

expanded for 3 passages. For CHOZN, EX-CELL Advanced CHO Fed-batch media was 

used while VRC01 was expanded in ActiPro media (Cytiva). Between 2.5 and 4 million 

cells in duplicate 1 mL samples were collected for sequencing. Cell pellets were obtained 

by centrifugation at 150 g for 3 minutes. The cell pellets were resuspended in 200 µL RNA 

later and stored at -20oC until sequencing preparation. 

 

4.3.2 Library preparation and sequencing 

Genomic DNA (gDNA) was extracted from cell pellets using a DNEasy kit (Qiagen, 

69504) per the manufacturer’s recommended protocol. The gDNA was measured with a 

Qubit fluorometer 2.0 (Invitrogen, Q32866) before circular DNA enrichment. EccDNAs 

were amplified and purified per the CIDER-seq protocol10 and quantified with the Qubit 

fluorometer before sequencing. Samples were sequenced on a PacBio Sequel II for 

single molecule real time (SMRT) sequencing; barcode adapters were added to the 

sample by the sequencing vendor. RNA was extracted from cell pellets using an RNEasy 

midi kit (Qiagen, 74004) per the manufacturer’s recommended protocol. Samples were 

treated with DNAse to remove gDNA contamination. Total RNA was analyzed for quality 

and integrity via UV spectroscopy (Nanodrop8000 ThermoFisher Scientific) and 

Bioanalyzer 2100 (Agilent), respectively. All samples had a minimum RNA integrity score 
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of 7.0. Total RNA was quantified using a double-stranded dye binding assay on the Qubit 

(ThermoFisher Scientific).  Library preparation was conducted with the NEBNext Ultra II 

RNA Library Prep Kit for Illumina following the manufacturer’s recommended procedures 

and pooled in equimolar ratios for sequencing. Paired-end reads for each sample 

(2x150bp) were collected on an Illumina NovaSeq 6000 S4 flow cell to an approximate 

depth of 20 million read pairs.   

4.3.3 Bioinformatic pipeline 

4.3.3.1 Raw data  

Raw eccDNA data was initially processed using the CIDER-seq DeConcat 

algorithm10 to identify sequences with a confirmed genomic origin. Experimental 

duplicates were combined and sequences were clustered using CD-Hit185 to a 90% 

identity threshold. Trimmomatic194 was used to remove sequencing adapters from raw 

RNA data before quality checking reads with FastQC. Bowtie2195 aligned clean, high-

quality reads to the reference transcriptome. RSEM196 was used to calculate transcript 

abundance and edgeR197 calculated differential expression. 

  

4.3.3.2 EccDNA annotation 

Repeat and low-complexity regions on eccDNAs were summarized and masked 

using RepeatMasker (Smit, AFA, Hubley, R & Green, P. RepeatMasker Open-4.0. 

2013-2015 <http://www.repeatmasker.org>.) before annotating predicted genes using 

Maker186. Transfer RNA (tRNA) templates were annotated with tRNAscan-SE 2.0189. 

BLAST193 was used to identify origins of replication (ORIs) and rDNA from custom 

databases. Known mammalian origins of replication and autonomous replication motifs 
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(N=118), (retrieved on 07/14/2022), and rDNA from human (N=804), mouse (N=81), rat 

(N=153), and Chinese hamster (N=25) (retrieved on 01/09/2023) were compiled from the 

National Center for Biotechnology Information (NCBI). BLAST searches were conducted 

with an e-value of 1e-50. Databases for ORI and rDNA mapping can be found in 

Supplementary Tables S4.1 and S4.2, respectively.  

 

4.3.3.3 EccDNA genomic origins 

Genomic eccDNA biogenesis sites were identified by dividing the chromosomes 

into 500 kbp windows generated using BEDTools187. EccDNAs were queried using 

BLAST193 against the most recent Chinese hamster genome construction, PICRH79, and 

intersected with the 500 kbp genome windows to count eccDNAs per window. In the 

unlikely event an eccDNA overlapped two windows, it was assigned to the leftmost 

window. BLAST parameters are the same as described for the ORI and rDNA 

annotations. Visualization of eccDNA biogenesis was conducted with minimap2188. 

Genome windows were assigned Z-scores to identify statistically significant regions with 

high biogenesis frequencies. To better understand the genomic features of eccDNA-

encoded genes, the number of genes and repeats were quantified within the 200 kbp 

windows flanking each gene listed in the PICRH genome features file. Repeat content of 

the genome was annotated with RepeatMasker. Genes and repeats within each window 

were counted using BEDTools; A permutation test (p ≤ 0.05, N=10,000 replicates) was 

conducted in JMP Pro 17 and compared the mean numbers of genes and repeats 

between the genes observed on eccDNAs and genes not observed on an eccDNA.  
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4.3.3.4 Gene functional enrichment 

Chinese hamster genes with human orthologs were identified based on NCBI 

ortholog assignment (ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/gene_orthologs.gz release of 

02/23/2022, Supplementary Table S4.3). ClusterProfiler was used for GO and KEGG 

pathway enrichment analysis192. 

 

4.4 Results 

4.4.1 Long-term Cell Culture Phenotype 

            Cell line instability in bioprocessing typically refers to a cell line maintaining 70% 

or more of its maximum observed cell-specific productivity (qp, pg/(cell•day))2. Cell-

specific productivity can be negatively impacted by several environmental stressors, one 

of which is cell aging. For VRC01, the maximum cell-specific productivity is typically 7.73 

pg/(cell•day) and has been observed to become unstable around PDL 24230. The 

maximum cell-specific productivity for CHOZN is typically 43.7 pg/(cell•day)230 and has 

been observed to be unstable between PDLs 60-70 (Figure 4.1).  
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Figure 4.1: Normalized cell-specific productivity of VRC01 and CHOZN cell lines at 

varying PDLs. VRC01 (green), CHOZN GS23 (blue). The dashed line at qp of 0.7 

represents the stability cutoff.  

 

4.4.2 EccDNA structure and origins 

EccDNAs with lengths greater than 20 kbp were detected in both cell lines across 

all PDLs examined. The average observed eccDNA length of was greater for the VRC01 

samples compared to CHOZN samples, with an average length of 5,400 bp and 4,500 

bp, respectively. The GC content for the CHOZN samples (41.2%) was consistently 

higher compared to VRC01 samples (39.6%). The frequency of tRNA-harboring eccDNAs 

was showed small variation between cell lines and across all PDLs examined, 

(approximately 8.5% in VRC01 and approximately 7% in CHOZN). Full annotations of 

VRC01 and CHOZN eccDNA-encoded tRNAs are shown in Supplemental Tables S4.4 

and S4.5, respectively. The gene annotation contained some variation, with a higher 

percentage of genes for the VRC01 PDL 110 samples compared to the younger VRC01 
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PDL samples (5.6% and 4.9%, respectively). The gene content for CHOZN samples 

contained a variable content across the PDLs that increased from PDL 20 to PDL 35, 

(4.4% to 5.3%) then decreased from PDL 35 to PDL 90 (5.3% to 3.1%). Complete Maker 

annotations for VRC01 and CHOZN across all PDLs are available in Supplemental 

Tables S5.6 and S5.7, respectively. A small number of eccDNAs with regions consistent 

with known mammalian origins of replication were observed for both cell lines across the 

PDLs. BLAST output for ORI analysis for VRC01 and CHOZN eccDNAs are provided in 

Supplemental Tables S5.8 and S5.9, respectively. Genes encoding rRNA were also 

detected for both cell lines across all PDLs. Output of rDNA BLAST for VRC01 and 

CHOZN eccDNAs can be found in Supplemental Tables S5.10 and S5.11. The 

distribution of repetitive elements was consistent for both cell lines across all PDLs. 

CHOZN had a lower proportion of LINEs compared to VRC01 (14.0% and 16.3%, 

respectively). Although subtle differences in structure of eccDNAs were observed, the 

distribution of fundamental sequence structures were relatively consistent in both cell 

lines across all PDLs. Detailed summaries of the sequence structures for VRC01 and 

CHOZN eccDNAs are shown in Tables 4.1 and 4.2, respectively.  
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Table 4.1: Sequence characteristics of VRC01 eccDNA sequences. Repetitive motif content, gene content, tRNA 
content, rDNA content, and potential origins of replication are included. Sequences were grouped by PDL and clustered 
for similarity (>90%).  

Condition Sequences
Sequences 

Clustered
Max Length (bp)

Average 

Length (bp)
Total Bases

Repeat bases 

masked
GC (%)

eccDNA with 

genes

eccDNA with 

tRNA 
ORI (>95%)

PDL 10 5,205 5,140 22,800 5,291 28,066,199 bp
10,884,152 

(38.78%)
39.84% 255 (4.9%) 443 (8.62%) 5

PDL 70 5,725 5,668 23,215 5,464 30,955,674 bp
12,140,094 

(39.22%)
39.22% 280 (4.94%) 530 (9.35%) 10

PDL 110 5,981 5,913 26,554 5,552 32,674,191
12,688,431 

(38.83%)
39.87% 333 (5.63%) 455 (7.69%) 4

Repeat Structure Subcategory
Number of 

Sequences
Base pairs (bp)

Percent of 

total bases

Number of 

Sequences
Base pairs (bp)

Percent of 

total bases

Number of 

Sequences
Base pairs (bp)

Percent of 

total bases

SINEs: 14,417 1,877,201 6.69 15,649 2,041,591 6.6 16.159 2,106,219 6.45

Alu/B1 6,251 742,057 2.64 6,785 810,326 2.62 7,119 852,516 2.61

MIRs 783 90,537 0.32 808 90,639 0.29 912 104,860 0.32

LINEs: 9,041 4,545,475 16.20 9,998 5,143,304 16.62 10,604 5,336,770 16.33

LINE1 8,506 4,453,935 15.87 9,426 5,051,161 16.32 10,024 5,243,856 16.05

LINE2 432 74,591 0.27 450 71,201 0.23 478 76,964 0.24

L3/CR1 68 11,111 0.04 87 12,875 0.04 76 11,063 0.03

RTE 29 4,784 0.02 31 6,908 0.02 19 3,472 0.01

LTR elements: 8,817 2,744,323 9.78 9,752 3,023,901 9.77 10,448 3,251,924 9.95

ERVL 771 215,630 0.77 866 240,648 0.78 924 262,899 0.8

ERVL-MaLRs 3,639 977,465 3.48 4,139 1,116,795 3.61 4,271 1,142,468 3.5

ERR_class I 849 178,153 0.63 862 171,746 0.55 962 210,732 0.64

ERV_class II 3,489 1,329,033 4.74 3,822 1,458,574 4.71 4,187 1,566,010 4.79

DNA elements: 1,516 269,741 0.96 1,683 324,824 1.05 1,717 325,543 1

hAT-Charlie 936 154,678 0.55 996 181,265 0.59 1,043 187,409 1.57

TcMar-Tigger 363 75,340 0.27 443 97,026 0.31 441 93,564 0.29

425 184,773 0.66 494 209,995 0.68 510 109,048 0.64

- 9,621,513 34.28 - 10,743,615 34.71 - 11,229,504 34.37

492 35,556 0.13 584 46,400 0.15 578 44,669 0.14

1,231 573,735 2.04 1,413 671,933 2.17 1,461 668,980 2.05

11,384 591,133 2.11 12,297 613,184 1.98 12,845 675,865 2.07

1,357 68,817 0.25 1,463 74,650 0.24 1,555 80,041 0.24

Simple Repeats

Low Complexity

PDL 10 PDL 70 PDL 110

Unclassified:

Total Interspaced Repeats:

Small RNA:

Satellites
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Table 4.2: Sequence characteristics of CHOZN eccDNA sequences. Repetitive motif content, gene content, tRNA 
content, rDNA content, and potential origins of replication are included. Sequences were grouped by PDL and clustered for 
similarity (>90%). 

Condition Sequences
Sequences 

Clustered
Max Length (bp)

Average 

Length (bp)
Total Bases

Repeat bases 

masked
GC (%)

eccDNA with 

genes

eccDNA with 

tRNA 
ORI (>95%)

PDL 20 6,183 6,083 24,895 4,529 27,631,900 bp
10,538,217 

(38.14%)
41.17% 266 (4.37%) 404 (6.64%) 8

PDL 35 3,659 3,575 22,890 4,730 16,973,623 bp
6,502,617 

(38.31%)
41.08% 190 (5.31%) 314 (8.78%) 1

PDL 90 4,436 4,379 22,732 4,259 18,692,364 bp
7,034,082 

(37.63%)
41.37% 162 (3.7%) 284 (6.49%) 5

Repeat Structure Subcategory
Number of 

Sequences
Base pairs (bp)

Percent of 

total bases

Number of 

Sequences

Base pairs 

(bp)

Percent of 

total bases

Number of 

Sequences
Base pairs (bp)

Percent of 

total bases

SINEs: 15,358 1,977,433 7.16 9,082 1,177,081 6.93 10,580 1,364,177 7.3

Alu/B1 6,675 789,997 2.86 4,058 482,767 2.84 4,657 549,664 2.94

MIRs 831 92,489 0.33 380 42,144 0.25 547 61,174 0.33

LINEs: 8,070 3,900,988 14.12 4,733 2,379,657 14.02 5,346 2,471,400 13.22

LINE1 7,533 3,815,850 13.81 4,427 2,332,447 13.74 4,987 2,414,921 12.92

LINE2 432 69,028 0.25 236 37,507 0.22 284 44,924 0.24

L3/CR1 72 10,937 0.04 51 8,025 0.05 48 7,456 0.04

RTE 31 5,055 0.02 19 1,678 0.01 23 3,867 0.02

LTR elements: 9,103 2,684,863 9.72 5,382 1,623,416 9.56 6,424 1,921,379 10.28

ERVL 763 207,964 0.75 444 122,112 0.72 565 146,318 0.78

ERVL-MaLRs 3,702 953,116 3.45 2,123 547,496 3.23 2,526 647,013 3.46

ERR_class I 904 192,573 0.7 510 103,855 0.61 688 137,522 0.74

ERV_class II 3,652 1,295,460 4.69 2,261 825,629 4.86 2,592 963,033 5.15

DNA elements: 1,589 284,920 1.03 871 156,727 0.92 1,072 198,622 1.06

hAT-Charlie 973 168,916 0.61 533 90,655 0.53 649 111,562 0.6

TcMar-Tigger 380 76,556 0.28 201 41,915 0.25 272 58,178 0.31

412 179,705 0.65 272 117,947 0.69 323 143,355 0.77

- 9,027,909 32.67 - 5,454,828 32.14 - 6,098,933 32.63

482 38,950 0.14 345 27,764 0.16 288 21,777 0.12

1,232 550,009 1.99 778 313,966 1.85 887 358,543 1.92

12,638 859,498 3.11 7,745 664,080 3.91 8,241 508,843 2.72

1,392 72,542 0.26 829 47,201 0.28 942 51,442 0.28

Simple Repeats

Low Complexity

PDL 20 PDL 35 PDL 90

Unclassified:

Total Interspaced Repeats:

Small RNA:

Satellites
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Regions with significant biogenesis were identified as genome windows with Z-

scores greater than 2. Both VRC01 and CHOZN had many statistically significant 

windows detected across PDLs. For VRC01 PDL 10, 70, and 110, there were 58, 45, and 

48 statistically significant windows identified, respectively. The mean biogenesis 

frequencies in these windows were 1.53  4.75, 2.00  6.66 and 2.02  6.10 for PDLs 10, 

70, and 110, respectively. In CHOZN PDL 20, 35, and 90, there were 74, 53, and 78 

statistically significant windows identified, respectively. The mean biogenesis frequencies 

in these windows were 1.97  4.42, 1.3  4.81, and 1.36  3.02 for PDLs 20, 35, and 90, 

respectively. The biogenesis frequencies for the 15 windows with the highest counts for 

both VRC01 and CHOZN are shown in Table 4.3. Genome-wide counts for each window 

are shown in Supplemental Tables S4.12 and S4.13 for VRC01 and CHOZN samples, 

respectively. Data visualization revealed that, in addition to the previously identified 

biogenesis hotspot on chromosome 9 from 14 Mbp to 16 Mbp in VRC01, CHOZN 

eccDNAs also had elevated biogenesis frequency on chromosome 5 that was not as 

apparent in VRC01 samples (Figure 4.2). Full genome maps for both cell lines at all PDLs 

are available in Supplemental Figures S4.1 and S4.2.  
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Table 4.3: Summaries of 15 highest frequency eccDNA biogenesis windows observed for each PDL by cell line. 

The start and stop positions for each window with the respective chromosome, eccDNA count, and Z-score. 

Chr Start Stop Count Z-score Chr Start Stop Count Z-score Chr Start Stop Count Z-score

9 15000000 15500000 174 36.3 9 15000000 15500000 259 38.6 9 15000000 15500000 197 32.0

9 14500000 15000000 122 25.4 9 14500000 15000000 156 23.1 9 14500000 15000000 158 25.6

9 13500000 14000000 74 15.3 7 134000000 134359064 102 15.0 9 14000000 14500000 108 17.4

9 14000000 14500000 70 14.4 X 106500000 107000000 98 14.4 7 134000000 134359064 98 15.7

7 134000000 134359064 69 14.2 2 41000000 41500000 96 14.1 9 13500000 14000000 90 14.4

X 106500000 107000000 58 11.9 9 13500000 14000000 92 13.5 9 15500000 16000000 80 12.8

2 41000000 41500000 52 10.6 9 14000000 14500000 86 12.6 X 106500000 107000000 78 12.5

4 5000000 5500000 52 10.6 9 12500000 13000000 76 11.1 2 41000000 41500000 70 11.1

5 60500000 61000000 46 9.4 7 88000000 88500000 71 10.4 9 17500000 18000000 64 10.2

4 117000000 117500000 45 9.2 4 5000000 5500000 64 9.3 4 5000000 5500000 58 9.2

7 88000000 88500000 42 8.5 4 117000000 117500000 64 9.3 10 30000000 30500000 54 8.5

9 15500000 16000000 42 8.5 9 13000000 13500000 63 9.2 5 60500000 61000000 53 8.4

10 30000000 30500000 42 8.5 5 60500000 61000000 57 8.3 4 3000000 3500000 52 8.2

9 17500000 18000000 36 7.3 10 30000000 30500000 54 7.8 7 88000000 88500000 51 8.0

5 174000000 174500000 32 6.4 2 34500000 35000000 52 7.5 4 117000000 117500000 49 7.7

Chr Start Stop Count Z-score Chr Start Stop Count Z-score Chr Start Stop Count Z-score

9 15000000 15500000 109 24.2 X 126000000 126500000 144 29.7 9 15000000 15500000 77 25.0

9 16000000 16500000 93 20.6 9 15000000 15500000 94 19.3 9 16000000 16500000 52 16.8

X 126000000 126500000 93 20.6 9 14500000 15000000 84 17.2 9 17500000 18000000 51 16.4

9 14500000 15000000 78 17.2 7 134000000 134359064 79 16.2 9 14500000 15000000 48 15.4

9 16500000 17000000 73 16.1 X 106500000 107000000 66 13.5 9 15500000 16000000 48 15.4

1_1 228000000 228500000 61 13.3 1_1 228000000 228500000 63 12.8 X 126000000 126500000 41 13.1

9 17000000 17500000 50 10.9 2 41000000 41500000 62 12.6 9 16500000 17000000 39 12.5

7 134000000 134359064 47 10.2 5 172500000 173000000 62 12.6 3 135000000 135500000 36 11.5

2 34500000 35000000 42 9.1 4 5000000 5500000 55 11.2 9 14000000 14500000 36 11.5

9 12500000 13000000 42 9.1 8 59500000 60000000 52 10.5 9 17000000 17500000 34 10.8

9 14000000 14500000 42 9.1 10 30000000 30500000 52 10.5 1_1 228000000 228500000 32 10.1

9 15500000 16000000 42 9.1 5 60500000 61000000 50 10.1 9 13000000 13500000 32 10.1

2 41000000 41500000 41 8.8 4 117000000 117500000 49 9.9 2 34500000 35000000 30 9.5

9 17500000 18000000 40 8.6 2 34500000 35000000 47 9.5 9 13500000 14000000 30 9.5

4 5000000 5500000 39 8.4 9 14000000 14500000 45 9.1 2 266000000 266500000 26 8.2

VRC01 PDL 10 VRC01 PDL 70 VRC01 PDL 110

CHOZN PDL 20 CHOZN PDL 35 CHOZN PDL 90
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Figure 4.2: Chromosome-scale heatmaps of biogenesis frequencies of eccDNAs mapped to chromosomes 5 and 9 

from VRC01 and CHOZN for youngest and oldest PDLs.  Biogenesis frequency windows are 500 kbp.
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Further analysis was performed to determine the relationship between gene 

content of eccDNAs and structure of eccDNA-originating regions of the genome. The 

mean number of repetitive elements flanking eccDNA-encoded genes was lower than the 

mean number of repetitive elements flanking non-eccDNA-encoded genes.  The 

difference of means was 121 and and 78 in VRC01 and CHOZN samples, respectively 

and was found to be statistically significant (p ≤ 0.001). The mean number of neighboring 

genes flanking all genes in the genome were also analyzed and found no significant 

difference of means for genes found encoded on eccDNAs compared to other genes 

(Figure 4.3). The differences of means were identified using a permutation test 

(N=10,000). 
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Figure 4.3: Violin plots for eccDNA content in genome structures for the VRC01 

and CHOZN cell lines. The eccDNA-encoded genes compared to frequency of repeats 

in flanking 200 kbp windows for A) VRC01 and C) CHOZN. eccDNA-encoded genes 

compared to frequency of genes in flanking 200 kbp windows for B) VRC01 and D) 

CHOZN. Gene loci where eccDNAs were not observed (green) and where eccDNAs were 

observed (orange. White triangles indicate the mean, horizontal bars represent the 

median, and vertical bars indicate the 1.5x interquartile range of the mean. Data were 

pooled by cell line across PDLs.
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4.4.3 EccDNA gene content and function 

The observed eccDNAs harbored many unique genes, 583 genes for VRC01 and 

370 genes for CHOZN spanning the three PDLs for each cell line. Of these identified 

genes, only 82 genes were observed in both cell lines (Figure 4.4A).  Further examination 

showed that over 87% of these genes were unique to a single PDL. Figure 4.4 shows a 

Venn diagram of the identified genes by cell line and PDL, which highlights the 

uniqueness of the eccDNA genes observed. These data would imply that the eccDNA 

gene content is dynamic for both cell lines across the examined PDLs. A functional 

enrichment analysis of KEGG pathways and GO terms revealed significant enrichment 

for five KEGG pathways and two Molecular Function GO terms (adjusted p-value ≤ 0.05). 

The VRC01 PDL 70 samples had significant enrichment in the cytoplasmic translation 

term, while VRC01 PDL 110 samples had significant enrichment in five ribosome 

biogenesis related terms. No significantly enriched terms were identified in the VRC01 

PDL 10 samples. The CHOZN PDL 20 samples had significant enrichment in genes 

associated with positive regulation of secretion by cell, while CHOZN PDL 35 samples 

had enrichment in azole transmembrane transport. The CHOZN PDL 90 samples had 

significant enrichment in genes related to protein transmembrane import and 

mitochondrial transmembrane transport (Figure 4.5A). A Cellular Component GO term 

for myelin sheath was observed as enriched for CHOZN PDL 20, and both CMG complex 

and DNA replication preinitiation complex were enriched for CHOZN PDL 90 (Figure 

4.5B). The functional enrichment of terms with higher p-values and for an excluded 

condition, VRC01 PDL 24, are shown in Supplemental Tables S4.14-S4.20. 
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Figure 4.4: EccDNA gene distributions for VRC01 and CHOZN cell lines by PDLs. 

Venn diagrams of genes observed on eccDNAs for both cell lines for all PDLs (A), for 

VRC01 by PDLs (B), and CHOZN by PDLs (C).
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Figure 4.5: Functional enrichment of eccDNA genes observed in CHO cells by PDL. 

BP is Biological Process, MF is Molecular Function, and CC is Cellular Component. A) 

Comparison of significantly enriched Biological Process GO terms identified in each 

condition. Circle size reflects gene ratio, or fraction of genes observed per GO term and 

color of circles indicates statistical significance. B) Comparison of significantly enriched 

Cellular Component GO terms identified by PDL. 
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4.4.4 Transcriptome analysis  

The transcriptomes for both cell lines at each of the three PDLs were obtained to 

understand gene expression changes with respect to increasing PDL. It was desired to 

correlate eccDNA gene gain or loss with differential expression to identify potential 

eccDNA-mediated gene expression. Several genes were observed to have differential 

gene expression between the young and old PDLs. For VRC01, 82 genes were identified 

between PDL 10 and PDL 110 with significantly different expression levels, where 43 

genes had higher expression in PDL 110 relative to PDL 10 and 39 genes had lower 

expression in PDL 110 relative to PDL 10. For CHOZN, 64 genes were observed to have 

significant differential expression, where 28 genes had higher expression in PDL 90 

relative to PDL 20 and 36 genes had lower expression in PDL 90 relative to PDL 20. The 

10 genes with the greatest differential expression between PDLs are shown in Tables 4.4 

and 4.5 for VRC01 and CHOZN, respectively. Among the differentially expressed genes, 

two alternatively spliced proteins from Fbxo9 were observed, where one splice variant 

was expressed more in older PDL samples and the other splice variant was expressed 

less in older PDL samples. Additionally, multiple genes associated with cancer and 

genome instability were observed to change in gene expression levels for the older PDLs 

for both cell lines. Interestingly, none of the 142 differentially expressed genes were 

observed to be encoded on the eccDNAs observed in this study. A full list of the 

differentially expressed genes for VRC01 and CHOZN can be found in Supplemental 

Tables S4.21 and S4.22, respectively. A summary of TMM (Trimmed Mean of M) values 

for genes observed on eccDNAs in VRC01 and CHOZN is presented in Supplemental 

Tables S4.23 and S4.24, respectively. 
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Table 4.4: Genes with greatest expression level differences between PDL 10 and PDL 110 for VRC01. CPM – counts 

per million, logFC – log2 fold change (PDL 110/PDL 10), FDR – false discovery rate.  

PDL 10 PDL 110

XP_027280669.1 Hcfc1r1 0 7.34 7.34 1.21E-07 host cell factor C1 regulator 1 isoform X1 

XP_027260267.1 Tial1 0 6.01 6.01 2.89E-11 nucleolysin TIAR isoform X6 

XP_027270138.1 Cdv3 0 5.7 5.70 2.01E-08 protein CDV3 homolog isoform X7 

XP_027266670.1 Smco4 0 5.57 5.57 1.22E-06 single-pass membrane and coiled-coil domain-containing protein 4 isoform X2 

XP_027252491.1 Aaas 0 5.23 5.23 1.19E-05 aladin isoform X2 

XP_027243991.1 Pold2 0 5.18 5.18 6.62E-07 DNA polymerase delta subunit 2 isoform X2 

XP_027243992.1 Pold2 0 5.18 5.18 6.62E-07 DNA polymerase delta subunit 2 isoform X2 

XP_027243993.1 Fbxo9 0 5.18 5.18 6.62E-07 F-box only protein 9 isoform X3 

XP_027266907.1 Fbxo9 0 5.16 5.16 2.51E-06 F-box only protein 9 isoform X3 

XP_027254036.1 Tardbp 0 4.91 4.91 0.001587 TAR DNA-binding protein 43 isoform X4 

XP_027250346.1 Oard1 4.68 0 -4.68 1.96E-04 ADP-ribose glycohydrolase OARD1 isoform X3 

XP_027283281.1 Lyrm7 4.79 0 -4.79 3.33E-05 complex III assembly factor LYRM7 isoform X2 

XP_027248332.1 Nfyb 4.82 0 -4.82 3.01E-05 nuclear transcription factor Y subunit beta isoform X3 

XP_027248333.1 Nfyb 4.82 0 -4.82 3.01E-05 nuclear transcription factor Y subunit beta isoform X3 

XP_027252192.1 Slc38a2 4.87 0 -4.87 2.57E-05 sodium-coupled neutral amino acid transporter 2 isoform X2 

XP_027282890.1 Ndel1 4.96 0 -4.96 2.85E-06 nuclear distribution protein nudE-like 1 isoform X2 

XP_027266906.1 Fbxo9 5.21 0 -5.21 3.23E-07 F-box only protein 9 isoform X1 

XP_027274670.1 Zbtb18 5.24 0 -5.24 3.23E-07 zinc finger and BTB domain-containing protein 18 isoform X1 

XP_027265675.1 Kiaa1191 5.29 0 -5.29 3.23E-07 putative monooxygenase p33MONOX isoform X3 

XP_027266790.1 Syncrip 5.91 0 -5.91 9.82E-11 heterogeneous nuclear ribonucleoprotein Q isoform X3 

RefSeq ID Gene
log2(CPM)

logFC FDR Description
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Table 5: Genes with greatest expression level differences between PDL 20 and PDL 90 for CHOZN. CPM – counts 

per million, logFC – log2 fold change (PDL 90/PDL 20), FDR – false discovery rate. 

PDL 20 PDL 90

XP_027266907.1 Fbxo9 0 5.4 5.4 1.02E-11 F-box only protein 9 isoform X3 

XP_027251257.1 Ahcyl1 0.32 5.46 5.14 0.00299 S-adenosylhomocysteine hydrolase-like protein 1 isoform X3 

XP_027250245.1 Ppil1 0 4.92 4.92 1.92E-06 peptidyl-prolyl cis-trans isomerase-like 1 isoform X2 

XP_027256935.1 Mpc1 0.05 4.81 4.76 0.01551 mitochondrial pyruvate carrier 1 isoform X1 

XP_027269723.1 Kmt5a 0 4.58 4.58 1.82E-07 N-lysine methyltransferase KMT5A isoform X4 

XP_027251920.1 Pacsin2 0 4.24 4.24 1.06E-05 protein kinase C and casein kinase substrate in neurons protein 2 isoform X3 

XP_035296909.1 Rpe 0 4.11 4.11 1.32E-05 ribulose-phosphate 3-epimerase isoform X4 

XP_027251105.1 Golga7 0 4.09 4.09 3.81E-05 golgin subfamily A member 7 isoform X2 

XP_027283240.1 Fam114a2 0 3.92 3.92 0.00011 protein FAM114A2 isoform X2 

XP_035295752.1 Ptbp3 0 3.82 3.82 0.00093 polypyrimidine tract-binding protein 3 isoform X8 

XP_035295258.1 LOC100755823 4.13 0 -4.13 1.06E-05 pleckstrin homology domain-containing family G member 5 isoform X6 

XP_027270446.1 Map4 4.43 0.23 -4.2 0.00352 microtubule-associated protein 4 isoform X1 

XP_035306543.1 S100a5 4.23 0 -4.23 4.05E-06 protein S100-A5 isoform X5 

XP_027279375.1 Strbp 4.27 0 -4.27 3.53E-06 spermatid perinuclear RNA-binding protein isoform X2 

XP_035304091.1 Ddx5 4.29 0 -4.29 7.60E-06 probable ATP-dependent RNA helicase DDX5 isoform X3 

XP_027283239.1 Fam114a2 4.3 0 -4.3 2.74E-06 protein FAM114A2 isoform X1 

XP_027252932.1 Rpe 4.41 0 -4.41 7.81E-07 ribulose-phosphate 3-epimerase isoform X3 

XP_027253713.1 C2H18orf32 4.44 0 -4.44 2.74E-06 UPF0729 protein C18orf32 homolog 

XP_027253096.1 Dnpep 4.86 0.07 -4.79 5.38E-08 aspartyl aminopeptidase isoform X3 

XP_027266906.1 Fbxo9 5.36 0 -5.36 2.82E-11 F-box only protein 9 isoform X1 

RefSeq ID Gene
log2(CPM)

logFC FDR Description
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4.5 Discussion 

Methods to improve long-term perfusion cultures of CHO cells are  highly desired 

in the field of biomanufacturing42,43,232,233. Despite significant advancements in 

biomanufacturing to increase culture yields, intrinsic instability of CHO cell lines continues 

to be a hurdle toward the implementation of continuous biomanufacturing for CHO-based 

products. The CHO genome is highly prone to undesirable rearrangements, changes in 

ploidy, and transgene exclusion, which negatively affects product quality and process 

economics2. The genomic changes seen in CHO are also commonly observed in other 

cell types with instable genomes such as cancer cells12,33,95,173,234,235 or cells of advanced 

age104,135,182,228. EccDNAs are an indicator of an unstable genome3 and have been 

observed to be highly dynamic in the VRC01 cell line in fed-batch cultures11.  

 

This study utilized the cell lines VRC01 and CHOZN, which have both been 

recently characterized in detail to allow wide-spread study of industry-relevant cell 

lines230. Cordova et al, 2022 presented reference data for fed-batch shake flask and 

bioreactor cultures for both cell lines. VRC01 cultures show higher cell densities, while 

CHOZN cultures produced higher protein titers. Interestingly, when increasing VRC01 

PDL cultures were examined, a qp stability threshold of around PDL 24 was observed. 

For CHOZN, the qp stability threshold was maintained until about PDL 60. Thus, based 

on cell-specific productivity, the CHOZN cell line was found to be more stable than 

VRC01. It should be noted that the cells used for this study were aged and banked from 

shake flask cultures, while samples from a perfusion culture would have been preferable; 
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however, cells aged in shake flasks are a suitable substitutes210. The less stringent control 

of process parameters, such as pH and DO, may have impacted the results of this study. 

 

Cell division exposes cells to various environmental stressors, leading to DNA 

damage, telomere shortening, oncogene activation, and organelle stress. This is 

collectively referred to as cellular aging and can push cells into senescence236,237.  The 

accumulation of eccDNAs has been observed during in vitro aging in rat lymphoblasts 

and human fibroblasts238. Accumulation of genomic rearrangements has been thought to 

be the key driver of cell aging239. Previous studies have reported genome instability in 

ageing cells in varying contexts such as, hypermutation in in tandem repeat-rich 

regions240, loss of transgenes241 and loss of repetitive sequences242. The genes and 

repeat regions that had disappeared were later discovered to be present on eccDNAs of 

varying size243. The contribution of eccDNAs to cellular aging has been documented in 

other species. One subclass of eccDNAs, referred to as telomeric circles (t-circles), play 

a role in maintaining telomere length. Gradual shortening of telomere regions hastens 

genome instability and drives cells toward senescence244. T-circles have been observed 

to reverse telomere shortening via recombination with telomeres227. This process could 

occur indefinitely if t-circles are capable of rolling circle amplification245,246. Recent 

research has revealed that t-circles arise from damage to telomeric regions, which 

creates internal loops (i-loops)226.  

 

The content of eccDNA has been extensively studied in yeast4,121,229. Yeast is one 

of the few cell types used in biomanufacturing that has been investigated for circular DNA 
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content. Young yeast cells exhibit high diversity in eccDNA sequence structure and 

composition; however, this heterogeneity decreases with cellular aging.  Notably, aged 

yeast cells harbor rDNA genes within eccDNAs228. This rDNA accumulation leads to the 

formation of visible nucleolar fragments within cells. Furthermore, the insertion of 

plasmids containing these rDNA genes resulted in a reduction of cell division by up to 

40%229. It was proposed that the extrachromosomal copies of rDNA genes in yeast may 

be generated by mutations to homologs of the Sgs1 gene. Sgs1 is associated with 

Werner’s Syndrome in humans, a disease that accelerates the aging process and 

shortens patient lifespan247. Thus, eccDNA gene content may be directly correlated with 

the age of cells grown in culture. 

 

The sequence characteristics and structural annotations conducted in this study 

(Tables 4.1 and 4.2) are directly comparable to those performed in a previous study on 

VRC01 eccDNA grown in fed-batch ambr®250 bioreactors11. The mean length of VRC01 

eccDNAs in this study was greater than that observed in previous studies, but it is not 

clear that PDL significantly impacted mean sequence length. The disparity in average 

eccDNA length more likely can be attributed to factors such as culture methods, library 

preparation, and sequencing variations. In regard to repetitive elements, the VRC01 

eccDNAs in this study exhibited a slightly lower proportion of short interspaced nuclear 

elements (SINEs) compared to the previous study, however, like other repeat 

distributions, the SINE content remained consistent with small variations. This study 

observed slight differences in the GC content and LINE repeat abundance between 

VRC01 and CHOZN eccDNAs. The increase in GC content for CHOZN eccDNA (>2%) 
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and higher abundance of LINE repeats in VRC01 (>3%) are hypothesized to be from 

differences in eccDNA biogenesis sites, as slight variations in the genome are to be 

expected when generating new cell lines.  

 

The annotation of other sequence structures, such as genes, rDNA, and tRNA, 

were found to be consistent across the different PDLs and cell lines. Gene annotation 

showed that ~85% of genes identified for a particular cell line were only found in one of 

the three PDLs, which is consistent with other work that examined CHO cell eccDNA 

(Figure 4.4). Though rDNA annotation did not identify many rDNA genes, it must be 

reiterated that CIDER-seq is not a quantitative method; while a broad diversity of rDNA 

genes was not observed, comments cannot be made regarding the abundance of rRNA. 

While RNA-seq data is presented, it was aligned to the Chinese hamster reference 

transcriptome which may not have rDNA genes properly included. Note that when 

searching NCBI for rDNA genes, 804 human genes were available, but only 25 Chinese 

hamster rDNA genes were found (Supplementary Table S4.2). Thus, quantifying rRNA 

content would require better annotation of this gene family in the Chinese hamster. It was 

expected that both cell lines would have similar structural features on eccDNAs since 

both cell lines were derived from the CHO K-1 host. While all CHO cell lines are derived 

from the same tissue13, these cell lines should be closely related as they diverged from 

the same lineage. Notably, there was a high degree of similarity in the distribution of 

eccDNA sequence structures, however the specific content of genes in eccDNA was 

highly variable between cell lines.  
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This study observed a high frequency of eccDNA biogenesis on chromosome 9 in 

both cell lines across all PDLs. The elevated levels of biogenesis could be attributed to 

instability in the chromosome due to the density of repeat structures11,79. Little variation 

in biogenesis frequency was observed as cells aged, however, there was an increase in 

frequency observed on chromosome 5 for CHOZN (Table 4.3 and Figure 4.2). This could 

likely be attributed to structural variations between two cell lines. Repeat-rich regions of 

the genome, such as those found on chromosome 9, are highly susceptible to DNA 

circularization8,123,136. This raises questions about the impact of genome structure on 

eccDNA-mediated gene amplification and whether the CHO genome may be 

compartmentalized as a two-speed genome as reported in other organisms.   

 

Currently, two-speed genomes have only been well characterized in plant 

pathogens164,165,248,249. No reports of a two-speed genome in mammalian species have 

been published as of this writing. Organisms with two-speed genomes exhibit differential 

evolution of certain genes and structures compared to others164. In filamentous plant 

pathogens, such as Fusarium graminearum, virulent effector genes were identified in 

regions of the genome with a higher density of repeats and transposable elements, 

whereas typical “housekeeping” genes reside in gene-dense regions165,248. Repeat-rich 

regions of the genome are more susceptible to variant accumulation250, recombination251, 

and the formation of eccDNA122,142. This arrangement allows for faster variant 

accumulation and subsequent evolution of virulent effector genes in repeat-rich regions. 

The hypothesis was that that eccDNAs could be an extension of the two-speed genome, 

given that eccDNA-mediated overexpression has been shown to enable adaptation in 
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other organisms, such as therapeutic resistance in cancer154 and pesticide resistance in 

plants5. However, the data analyzed in this study is contradictory to this hypothesis 

(Figure 4.3). A possible explanation for the observation of eccDNA genes were in gene-

rich regions of the genome in CHO is that circularization of sequences via transcription is 

a more frequent mechanism of eccDNA biogenesis in CHO cells121. This hypothesis 

would also account for overrepresentation of genes in eccDNA compared to the 

genome211 (~3.5% versus ~1%). It should be noted that this would not exclude biogenesis 

of eccDNAs through other pathways, as the high levels of repeat content (~40%) in CHO 

cell eccDNAs provide evidence of potential recombination between repeat regions7,142,214.  

 

The contradictory behavior observed in the two-speed genome analysis may be 

because mammalian genomes evolve under different selective pressures compared to 

pathogen genomes. A review of six mammalian genomes revealed positive selection of 

genes related to immunity and defense, sensory perception, metabolism, and fertility252, 

while a comparable study in Smut Fungus, Sporisorium reilianum, identified positive 

selection of virulent effectors, cell division, and DNA integration genes253. The evolution of 

two-speed genomes in filamentous plant pathogens, characterized by positive selection of 

DNA integration genes and virulent effectors, has contributed to the heterogeneity of their 

genome size through repeat expansion and gene accumulation254. While it is possible that 

mammalian genomes may exhibit similar compartmentalization, further studies examining 

genome structure and gene selection independent of the presence of eccDNA are 

necessary to draw conclusions. Our findings indicate that, if the CHO genome operates as 

a two-speed genome, it does not appear to influence the formation of eccDNAs. 
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Functional enrichment of eccDNA genes yielded few statistically significant GO 

terms due to the relatively low number of human orthologs identified (<100 per condition). 

Of significance, the VRC01 samples showed enrichment in terms associated with protein 

production. However, VRC01 PDL 10 did not have any significant enrichment in terms 

shared with VRC01 PDL 70 and PDL 110.  Previous studies on the gene content of young 

VRC01 (~PDL 10) revealed statistically significant enrichment in biological process (BP) 

terms related to cytoplasmic translation, ribosomal small subunit assembly, and 

noncoding RNA (ncRNA) processing11 (Figure 4.5). Additionally, functional enrichment 

analysis of VRC01 PDL 24 samples, as shown in Supplemental Table S4.15, revealed 

the same five CC GO terms enriched in VRC01 PDL 70 and 110 samples (p ≤ 0.1) despite 

having only 15 human orthologs analyzed. It is important to note that VRC01 PDL 24 

samples were not considered in this study due to insufficient library preparation compared 

to other samples.  

 

These results indicate that the VRC01 cell line is likely to contain eccDNAs that 

enhance protein production. The difference in functional enrichment between VRC01 and 

CHOZN cell lines may be attributed to the selection of clones during the cell line 

development process, where cells with a high-productivity phenotype are preferred213. 

While some enrichment was identified in human orthologs of CHOZN eccDNA genes, no 

overlapping GO terms were identified between PDLs. The most notable observation was 

the presence of multiple significantly enriched BP GO terms in the CHOZN PDL 90 genes 

pertaining to mitochondrial transport. The comparison between the VRC01 and CHOZN 
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cell lines reveals a clear difference in the function of their respective eccDNA genes 

(Figure 4.5). Previous studies have shown that yeast eccDNAs become increasingly 

homogenous with increasing cellular age, as they near senescence and contain a high 

percentage of ribosomal DNA (rDNA) (>95%)229. Although a diverse range of rDNAs were 

not detected in the present study, the relatively homogenous nature of the eccDNA genes 

in VRC01 compared to the less consistent function in CHOZN suggests a potential 

difference in the age of the master cell banks. 

 

The decline in DNA repair mechanisms in aging cells often leads to the 

accumulation of genetic damage over time255. Qian et al. previously described 

transcriptome shifts in a proprietary, recombinant CHO cell line generated from a 

glutamine synthetase double-negative host (GS-/-)221; young cells were compared to 

those 130.5 PDLs later. In short, genes pertaining to cell cycle regulation and DNA repair 

were downregulated while genes related to lysosomes, redox metabolism, and lipid 

metabolism were upregulated221. However, none of the differentially expressed genes 

identified in the study were found to have substantial differential expression (≤ -2 or ≥ 2 

log2 fold change) in the VRC01 or CHOZN samples in this study. This unusual result could 

be influenced by several factors such as aging protocol, media composition, culture scale 

(shake flask versus 5-L bioreactor), and library preparation and sequencing methods. 

Further, the study conducted by Qian et al. used a proprietary cell line (Bristol Meyers 

Squib) that is not publicly accessible for open study. 
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Although the same genes identified in the previous study were not observed in our 

data, we observed differential expression in other genes related to genome stability that 

were not reported in Qian et al. (Tables 4.4 and 4.5). One significant change in gene 

expression observed in this study was the simultaneous up- and down-regulation of 

alternatively spliced proteins from the Fbxo9 gene. Fbxo9 functions in protein ubiquitin 

ligase; F-box proteins may play a role in DNA repair and synthesis256. Further, Fbxo9 

interacts with multiple intracellular signaling pathways and can act as both a tumor 

suppressor and an oncogene depending on the function of other signaling pathways257. 

Other notable shifts in gene expression include down regulation of Nfyb, a transcription 

factor responsible for controlling growth factors258 in VRC01 and upregulation of Pold2, a 

DNA polymerase subunit critical for DNA replication and repair. Up-regulation of Pold2 is 

considered a reliable biomarker in ovarian cancers259. Downregulation of Ddx5, an RNA 

helicase, was observed in CHOZN which has been linked to poor prognoses for 

pancreatic cancer patients260.  

 

 Many studies of eccDNA report clear evidence of eccDNA-mediated gene 

overexpression in varying contexts8,119,153,223. Gene expression data of eccDNA-harbored 

genes is shown in Supplemental Tables S4.23 and S4.24, however, without a large 

change in gene expression, identifying eccDNA-mediated changes becomes difficult to 

discern. While none of the genes observed on an eccDNA could be correlated with the 

larger changes in gene expression, it is still possible that eccDNAs are impacting 

expression patterns. One study has shown that incomplete genes and promotor or 

enhancer elements amplified via circularization can act as transcription factor sponges 
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that divert necessary factors required for gene expression away from the genomic copy 

of the gene. These eccDNAs generate small, interfering RNAs that inhibit expression261. 

While characterizing the promoter and enhancer elements on eccDNA in CHO would 

provide tremendous insight into how eccDNA impacts gene expression, the current 

genome construction does not provide annotation of promoters or enhancers79.  

 

4.6 Conclusion 

The distribution of structural features such as genes, repeats, tRNA, and ORIs is 

largely consistent across cell age and across CHO cell lines derived from the same 

lineage. EccDNA gene content has been shown to be highly variable with cell aging, with 

the most substantial differences being observed between cell lines, which may be due to 

genome structural variation during cell line derivation. While genome structure has been 

shown to influence gene circularization, genes susceptible to eccDNA biogenesis do not 

exhibit a bimodal architecture in the CHO genome. Our results provide no clear evidence 

that eccDNAs play a significant role in the shifts in gene expression observed with CHO 

cell aging. Despite inconsistent results with previous studies on aged CHO cells, our 

transcriptome data revealed the presence of additional genes related to genome 

instability, including prominent cancer biomarkers, that were differentially expressed.
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CHAPTER FIVE 

 

DYNAMICS OF AMINO ACID METABOLISM, GENE EXPRESSION, AND 

CIRCULOMICS IN A RECOMBINANT CHINESE HAMSTER OVARY CELL LINE 

ADAPTED TO MODERATE AND HIGH LEVELS OF EXTRACELLULAR LACTATE 

 

5.1 Abstract 

Accumulation of metabolic wastes in cell cultures can diminish product quality, 

reduce productivity, and trigger apoptosis. Limitation or removal of unintended waste 

products from Chinese hamster ovary (CHO) cell cultures has been attempted through 

multiple process and genetic engineering avenues with varied levels of success. One 

study demonstrated a simple method to reduce lactate and ammonia production in CHO 

cells by adaptation to extracellular lactate; however, the mechanism behind adaptation 

was not certain. To address this profound gap, this study characterizes the phenotype of 

a recombinant CHO K-1 cell line that was gradually adapted to moderate and high levels 

of extracellular lactate and examines the genomic content and role of extrachromosomal 

circular DNA (eccDNA) during and gene expression on the adaptation process. More than 

500 genes were observed on eccDNAs. Notably, more than 1,000 genes were observed 

to be differentially expressed at different levels of lactate adaptation, while only 137 genes 

were found to be differentially expressed between unadapted and high levels of lactate 

adaptation; this suggests stochastic switching as a potential stress adaptation mechanism 

in CHO cells. Further, these data suggest alanine biosynthesis as a potential stress-

mitigation mechanism for excess lactate in CHO cells.  
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5.2 Introduction  

In 2021, global sales of biopharmaceuticals reached an all-time high of $343 

billion. A majority of biopharmaceutical sales were generated from monoclonal antibody 

(mAb) products, which are often commercially produced in Chinese hamster ovary (CHO) 

cell lines. CHO cell lines are broadly utilized due to relative ease of culture, non-

susceptibility to viruses, and thorough history of regulatory approval. The current industry-

standard for CHO cell manufacturing is fed-batch cultures in which nutrients are gradually 

added to a culture over an extended period; however, fed-batch operation does not allow 

for easy removal of metabolic waste products, such as lactate and ammonia.  Limiting 

lactate production in CHO cell cultures has been thoroughly studied as excessive lactate 

in cell cultures imparts a suboptimal environment by increasing acidity in uncontrolled 

cultures70,208, negatively impacts viable cell density (VCD)25, and reduces recombinant 

protein productivity25,57. Strategies to limit or eliminate lactate from cultures include pH-

controlled delivery of glucose73, cell line engineering71,262, and controlled lactate 

feeding75. The detrimental impacts of lactate can be observed at concentrations as low 

as 20 mM, and cultures are often unable to recover when concentration exceeds 40 

mM209. Often, lactate is produced in the early stages of a fed-batch culture and 

accumulates until a metabolic switch causes the cells to consume the excess lactate60-62. 

While the exact mechanisms behind this switch are unclear, multiple hypotheses have 

been proposed to explain this observation, such as depletion of glucose and/or 

glutamine59,63-65,263, shifts in pH and/or temperature66,67, and increased oxidative 

capacity68.  
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In addition to metabolic waste accumulation, cells grown in suspension culture 

experience other stresses such as sheer stress54 and nutrient depletion264. Multiple stress 

response mechanisms exist to mitigate these challenges at a variety of levels such as 

substrate58, gene expression76, and gene regulation77. Recent studies have identified a 

microevolutionary stress adaptation mechanism by gene overexpression via 

extrachromosomal circular DNAs (eccDNAs)5,119,153,154. EccDNAs are a common vehicle 

for gene amplification, which may correlate with gene overexpression in a subpopulation 

of cells150,151,153. EccDNAs are generated from the genome through multiple biogenesis 

pathways121,122,128,214. Genetic heterogeneity of cells is perpetuated by the randomness 

of eccDNA generation and recombination265. This study characterized the relationship 

between lactate adaptation and genetic changes within CHO cells that may mediate the 

adaptation via eccDNA microevolution transcriptomic shifts. A recombinant CHO K-1 cell 

line was gradually adapted to higher levels of extracellular lactate in 10 mM increments 

up to 60 mM in shake flask cultures. Batch cultures were sampled daily to characterize 

growth profiles, amino acids, and other key metabolites. Additionally, cells for eccDNA 

and transcriptome analysis were also harvested at two levels of lactate adaptation. 

EccDNAs were purified, sequenced, and annotated for gene content. Transcriptome data 

was then integrated to identify eccDNA-derived transcripts and expression profile 

patterns.  
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5.3 Materials and Methods 

5.3.1 Cell adaptation 

The cell line used in this study was a recombinant CHO K-1 cell line that expresses 

an anti-HIV monoclonal antibody (VRC01); the cells were generated and donated by the 

NIH. All cultures were grown in ActiPro media (Cytiva) supplemented with 6 mM of 

glutamine. During the adaptation process, cells were cultured in 125 mL baffled, vented 

shake flasks (VWR®, Radnor, PA) with a 30 mL working volume. Cultures were 

maintained in an incubator at 37C and 5% CO2 with a shake speed of 180 rpm (0.75 

inch throw). Cells were progressively passaged into higher concentrations of lactate in 10 

mM increments up to 60 mM. Adaptation was achieved when three criteria were met: 1) 

the growth rate in lactate-supplemented media was equivalent to that of unadapted cells 

in lactate-free media, 2) the VCD reached 4x106 cells/mL by Day 3, and 3) the first two 

criteria were both sustained over three passages. After adaptation, cells were banked in 

a 10% dimethylsulfoxide (DMSO) media and stored in liquid nitrogen. Stocks from the 

liquid nitrogen were then thawed before beginning the next adaptation step (Figure 5.1).  
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Figure 5.1: Growth profiles during the lactate-adaption process. Cells were gradually 

passaged into higher lactate concentrations at 10 mM increments. 10 mM adaptation 

(blue triangles), 20 mM adaptation (red circles), 30 mM adaptation (green crosses 40 mM 

adaptation (purple squares), 50 mM adaptation (yellow diamonds), and 60 mM adaptation 

(pink inverted triangles).  

 

5.3.2 Batch cultures 

Frozen stocks of unadapted, 30 mM-adapted, and 60 mM-adapted cells were 

rapidly thawed into media containing the respective amount of lactate. Cells were seeded 

into new flasks three days after thaw with a target seeding density of 0.5x106 cells/mL. 

Triplicate cultures (N=3) used for each condition; lactate-adapted cells were also grown 

in media without supplemental lactate. Incubators were maintained at 37C and 5% CO2 

with an agitation rate of 180 rpm. Flasks were sampled daily for viable cell density (VCD), 
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viability, metabolites, and amino acids. Viability and VCD were measured on a Vi-CELLTM 

XR Cell Viability Analyzer (Beckman Coulter, Brea, CA). Glucose, lactate, glutamine, 

glutamate, ammonia, and IgG were measured on a Cedex Bio Analyzer (Roche 

Diagnostics, Basel, Switzerland). Concentrations of amino acids, with the exception of 

glutamine and glutamate, were determined via capillary electrophoresis with high 

pressure mass spectrometry (CE-HPMS) using the REBEL (908 Devices, Boston, MA); 

samples were diluted 1:100 in REBEL diluent before analysis.   

 

5.3.3 Library preparation 

Unadapted, 30 mM-adapted, and 60 mM adapted cells were thawed from liquid 

nitrogen stocks into respective medias. Cultures were passaged after three days into 

duplicate flasks (N=2) and harvested three days later in early exponential growth. Cell 

pellets of approximately 4x106 cells were collected from each flask, placed in RNAlater 

(Thermo, AM7020), and kept at -20°C until library preparation. Approximately 1x106 cells 

from each pellet were used for total RNA and genomic DNA (gDNA) extraction. 

Extractions were performed using an RNEasy midi kit (Qiagen, 74004) and a DNEasy 

Blood and Tissue kit (Qiagen, 69504) per the manufacturer’s recommended protocols. 

Total gDNA was quantified with a Qubit fluorometer 2.0 (Thermo, Q32866) before it was 

used as starting material for a Phi-29-mediated rolling circle amplification (RCA) and 

magnetic bead purification (KAPA Pure Beads, Roche, KK8000) as described in the 

CIDER-seq protocol10. EccDNA libraries had SMRTbell barcodes adapted to the 

sequences by a third-party vendor before sequencing on a PacBio Sequel II with HiFi 

reads. RNA samples were treated with a DNAse solution prior to sample quantification. 
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NEBNext Ultra II RNA Library Prep Kit for Illumina was used for library preparation per 

the manufacturer’s recommended procedures and pooled in equimolar ratios for 

sequencing. Paired-end reads for each sample (2x150bp) were collected on an Illumina 

NovaSeq 6000 S4 flow cell to an approximate depth of 20 million read pairs.   

 

5.3.4 Bioinformatic pipeline 

Raw eccDNA sequencing data was processed using the DeConcat algorithm from 

the CIDER-seq protocol10 to confirm circularity and genomic origin. Sequences for 

biological replicates for each condition (N=2) were combined together before clustering 

to a 90% sequence identity threshold using CD-Hit185. Raw RNA-seq data had 

sequencing adapters removed with Trimmomatic194 before checking data quality with 

FastQC. Reads were then aligned to the reference transcriptome with Bowtie2195. 

Transcript abundance was calculated with RSEM196, which was used to calculate 

differential expression with edgeR197.  

 

5.3.4.1 EccDNA structural analysis 

BLAST193 was used to annotate origins of replication (ORIs) and ribosomal DNAs 

(rDNAs) on observed eccDNAs. Custom databases were made by collecting known 

mammalian origins of replication (N=118, retrieved on 07/14/2022) and rDNA genes in 

human (N=804), mouse (N=81), rat (N=153), and Chinese hamster (N=25) (retrieved on 

01/09/2023) from NCBI. BLAST searches were conducted with an e-value of 1e-50. 

Databases for custom ORI and rDNA BLAST searches are shown in Supplemental 

Tables S5.1 and S5.2, respectively. Transfer RNAs (tRNAs) were identified using 
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tRNAscan-SE 2.0189. Repetitive motifs on eccDNAs were annotated and masked using 

RepeatMasker (Smit, AFA, Hubley, R & Green, P. RepeatMasker Open-4.0.2013-2015 

<http://www.repeatmasker.org>). Repeat-masked sequences had genes annotated using 

Maker186.  

  

5.3.4.2 EccDNA genomic origins 

Observed eccDNAs were BLASTed against the PICRH Chinese hamster 

reference genome79 to find the most likely genomic origin of sequences. Parameters used 

for BLAST searches are the same as those for ORI and rDNA annotation. The highest-

scoring BLAST results for each eccDNA were then assigned to 500 kbp windows of the 

genome created using BEDTools187. Counts of eccDNAs per genome window were 

visualized with Rideogram266. Z-scores were assigned to windows to identify statistically 

significant regions of eccDNA biogenesis.  

 

5.4 Results 

5.4.1 Phenotypic cell culture data 

Unadapted, 30 mM-adapted, and 60 mM-adapted cells were grown in 5 day batch 

cultures to characterize the lactate-adapted phenotype. Cells were grown in media 

supplemented with lactate0 that corresponds to adaptation levels. Further, 30 mM-

adapted and 60 mM-adapted cells were also grown in media with no supplemental 

lactate. Lactate adaptation had a small effect on growth rate for the 60 mM-adapted 

cultures with supplemental lactate as the maximum viability was 9.6x106 cells/mL by Day 

5; however, all other cultures achieved a maximum VCD of 1x107 cells/mL (Figure 5.2A). 
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Cell viability was also similar across conditions by the end of the cultures (Figure 5.2B). 

Glucose was a primary carbon source in all cultures, however lactate-adapted cells 

without supplemented with lactate utilized more glucose than undapted cells and lactate-

adapted cells in media with supplemented lactate. There is no indication lactate is being 

utilized for gluconeogenesis as there is no observed accumulation of glucose (Figure 

5.2C). Lactate levels in all cultures increased before cells switched to lactate consumption 

on Day 3 regardless of lactate adaptation or supplementation (Figure 5.2D). The 

metabolic switch to lactate consumption correlated with glutamine depletion (Figure 

5.2E). Alanine increased in all cultures until Day 3. After Day 3, alanine declines in 

cultures without supplemental lactate, but plateaus in 30 mM-adapted cultures 

supplemented with lactate and continues increasing in 60 mM-adapted cultures 

supplemented with lactate (Figure 5.2F). The ammonia profiles pair closely in all 

experimental conditions until Day 3. Lactate-adapted cultures in media with 

supplemented lactate did not experience the late culture accumulation of ammonia as 

seen in all other conditions (Figure 5.2G). Glutamate concentration paired closely among 

all experimental conditions throughout the culture. Consumption of glutamate was first 

observed on Day 3 in line with glutamine depletion and lactate consumption (Figure 

5.2H). Titer was observed to be significantly higher in unadapted cells. Lactate-adaptation 

resulted in lower titer with 60 mM-adapted cultures showing lower titer than 30 mM-

adapted cultures (Figure 5.2I).   
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Figure 5.2: Growth characteristics for unadapted and lactate-adapted VRC01 CHO 

cells cultured in various levels of lactate. A) Viable cell density (VCD) B) Viability C) 

Glucose D) Lactate E) Glutamine F) Alanine G) Ammonia H) Glutamate I) IgG. LA – 

lactate-adapted. Unadapted cells in  normal media – light blue,  30 mM-adapted cells in 

normal media – green, 30 mM-adapted cells in lactate supplemented media – pink, 60 

mM-adapted cells in normal media – yellow, 60 mM-adapted cells in lactate 

supplemented media – dark blue .



 

 

 99 

5.4.2 EccDNA sequence composition 

Cell pellets for eccDNA analysis were collected on Day 3 during the exponential 

growth phase. The number of observed eccDNAs decreased as lactate adaptation level 

increased, though this may be due to natural variation as individual library preparations 

of the same sample can show a high degree of heterogeneity11. The average length of 

observed eccDNAs was similar between the unadapted and 30 mM-adapted, however, 

the observed average eccDNA sequence length was approximately 500 bp higher for the 

60 mM-adapted samples. Many sequence structures were observed to be similarly 

distributed for the unadapted and lactate-adapted cultures including: percentage of bases 

pertaining to repeats (~38.0%), GC content (~40.5%), and tRNA genes (~9.3%). Full 

summaries of tRNA annotation for unadapted, 30 mM-adapted, and 60 mM-adapted 

eccDNAs are available in Supplemental Tables S5.3-S5.5, respectively. Notably, the 

proportion of eccDNAs encoding genes increased to 5.2% in the 60 mM adapted samples 

from 4.0% in the 30 mM-adapted samples, a clear overrepresentation of gene content 

relative to the genome and other eccDNA samples. Origins of replication (ORIs) and 

ribosomal DNAs (rDNAs) were identified in all three conditions, but sequences with ≥ 95% 

identity to ORI or rDNA sequences were not substantial (≤6 per condition). Full BLAST 

output tables for ORI analysis are available in Supplemental Tables S5.6-S5.8. Full 

BLAST output tables for rDNA annotation are available in Supplemental Tables S5.9-

S5.11 for unadapted, 30 mM-adapted, and 60 mM-adapted eccDNAs, respectively. An 

analysis of repeat and retrotransposable elements revealed that short interspaced 

nuclear elements (SINEs) showed a gradual decrease in abundance as adaptation 

progressed, while long interspaced nuclear elements (LINEs) showed a gradual increase 
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in abundance. However, these changes were within less than a 1% change between 

unadapted and 60 mM-adapted samples and could be within the range of normal 

variation. Gene annotation identified 567 genes across the three conditions. EccDNAs 

were analyzed for genuine coding sequence. Our analysis revealed the presence of 240 

genes in unadapted samples, 217 genes in 30 mM-adapted samples, and 174 genes in 

60 mM-adapted samples. Notably, minimal overlap of eccDNA genes was observed 

across lactate adaptation levels, with only 53 genes found to be present in multiple 

conditions. Homology-based functional annotations for unadapted, 30 mM-adapted, and 

60 mM-adapted eccDNAs are available in Supplemental Tables S5.12-S5.14, 

respectively. Full summaries of eccDNA structural annotations are shown in Table 5.1, 

and the distribution of eccDNA-encoded genes is summarized in a Venn diagram in 

Figure 5.3. 



 

 

 101 

Table 5.1: Sequence characteristics of eccDNA sequences observed in CHO cells at varying levels of lactate 

adaptation. Repeat motif content, gene content, tRNA content, rDNA content, and potential origins of replications are 

included. Sequences were pooled by lactate adaptation level and clustered for sequence similarity (>90%). 

Condition Sequences
Sequences 

Clustered
Max Length (bp)

Average 

Length (bp)

Repeat bases 

masked
GC (%)

eccDNA 

with genes

eccDNA with 

rDNA

eccDNA with 

tRNA 
ORI (>95%)

Unadapted 8,202 8,109 24,436 4,905
15,159,445 bp 

(37.9%)
40.6% 295 (3.6%) 6 800 (9.9%) 3

30 mM Adapted 6,476 6,419 27,326 4,976
12,132,410 bp 

(37.9%)
40.5% 255 (4.0%) 4 618 (9.6%) 3

60 mM Adapted 4,563 4,511 24,598 5,515
9,671,540 bp 

(38.9%)
40.3% 233 (5.2%) 4 484 (10.7%) 4

Repeat 

Structure
Subcategory

Number of 

Sequences
Base pairs (bp)

Percent of 

total bases

Number of 

Sequences
Base pairs (bp)

Percent of 

total 

bases

Number of 

Sequences

Base pairs 

(bp)

Percent of 

total bases

SINEs: 23,088 2,994,270 7.49 17,928 2,322,980 7.25 13,529 1,750,013 7.03

Alu/B1 9,915 1,172,210 2.93 7,715 910,743 2.84 6,008 712,601 2.86

MIRs 1,263 142,664 0.36 972 108,753 0.34 688 77,202 0.31

LINEs: 12,326 5,818,281 14.6 9,816 4,729,537 14.8 7,735 3,856,083 15.5

LINE1 11,416 5,678,568 14.2 9,140 4,623,778 14.4 7,284 3,781,556 15.2

LINE2 725 111,589 0.28 564 88,862 0.28 359 62,787 0.25

L3/CR1 136 20,991 0.05 81 11,098 0.03 68 8,645 0.03

RTE 45 6,525 0.02 26 5,024 0.02 22 2,683 0.01

LTR elements: 13,196 3,972,926 9.94 10,381 3,175,847 9.91 8,222 2,552,906 10.3

ERVL 1,223 349,001 0.87 888 267,321 0.83 795 217,908 0.88

ERVL-MaLRs 5,550 1,498,301 3.75 4,444 1,207,001 3.77 3,434 927,879 3.73

ERR_class I 1,259 262,964 0.66 972 189,106 0.59 799 172,688 0.69

ERV_class II 5,043 1,804,631 4.52 3,991 1,464,909 4.57 3,115 1,182,229 4.75

DNA elements: 2,334 431,383 1.08 1,899 358,406 1.12 1,363 250,375 1.01

hAT-Charlie 1,415 247,910 0.62 1,173 205,506 0.64 832 147,135 0.59

TcMar-Tigger 598 123,340 0.31 456 98,914 0.31 326 69,009 0.28

626 244,548 0.61 464 197,627 0.62 389 141,496 0.57

- 13,461,408 33.7 - 10,784,397 33.7 - 8,550,873 34.4

581 41,990 0.11 467 34,506 0.11 412 31,344 0.13

1,694 727,205 1.82 1,338 579,860 1.81 1,112 491,622 1.98

16,679 836,271 2.09 13,098 665,925 2.08 10,325 541,927 2.18

2,008 105,297 0.26 1,514 77,218 0.24 1,231 62,244 0.25

Simple Repeats

Low Complexity

Unadapted 30 mM Adapted 60 mM Adapted

Unclassified:

Total Interspaced Repeats:

Small RNA:

Satellites
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Figure 5.3: EccDNA-encoded gene distributions for CHO cells gradually adapted to 

higher levels of extracellular lactate. Unadapted (yellow), 30 mM-adapted (blue), and 

60 mM-adapted (red).  

 

5.4.3 EccDNA sequence origins  

To determine the genomic origins of eccDNA, a non-overlapping window approach 

was employed. Specifically, the genome was partitioned into consecutive 500 kbp 

windows, resulting in 4,602 windows for assigning eccDNAs.  The mean number of 

eccDNAs binned per window per condition were 2.50  5.03, 1.97  4.42, and 1.42  3.89 

for unadapted, 30 mM-adapted, and 60 mM-adapted, respectively. Windows in each 

condition with a Z-score ≥ 2 were considered statistically significant regions of high 

eccDNA biogenesis that may be considered hotspots. Approximately 1% of windows were 

considered significant across the three conditions with 48, 38, and 43 windows for 

unadapted, 30 mM-adapted, and 60 mM-adapted, respectively. Analysis of the genomic 
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regions with the highest frequency of eccDNA biogenesis for each experimental condition 

revealed notable representation of chromosome 9, spanning from 13 Mbp to 18 Mbp, with 

four windows ranging from 14 Mbp to 16 Mbp observed in all three conditions (Z ≥ 10). In 

the 60 mM-adapted sample, two windows exhibited higher biogenesis frequencies 

compared to the other samples. One of these windows was located in the telomeric region 

of chromosome 7, and the other was on chromosome X, containing nine and four genes, 

respectively, none of which were observed on eccDNAs. Although some variability was 

observed in other regions, the most prominent region of eccDNA formation remained 

unaffected by lactate adaptation. The top 15 windows with the highest frequency of 

eccDNA biogenesis for each condition are listed in Table 5.2. A comprehensive statistical 

analysis of eccDNA biogenesis mapping for all experimental conditions can be found in 

Supplemental Table S5.15, while genome-scale maps for each condition are presented 

in Supplemental Figures S5.1-S5.3. 

 

Table 5.2: The 15 highest frequency eccDNA biogenesis windows observed for 

each condition. The start and stop positions for each window with the respective 

chromosome, eccDNA count, and Z-score. 

Chr Start End Value Z-score Chr Start End Value Z-Score Chr Start End Value Z-score

9 15000000 15500000 217 42.66 9 15000000 15500000 185 41.41 9 15000000 15500000 141 35.89

9 14500000 15000000 113 21.98 9 14500000 15000000 117 26.03 9 14500000 15000000 98 24.84

9 14000000 14500000 89 17.2 9 14000000 14500000 84 18.56 9 14000000 14500000 85 21.49

9 15500000 16000000 88 17 9 13500000 14000000 76 16.75 9 13500000 14000000 77 19.44

9 13500000 14000000 84 16.21 9 15500000 16000000 61 13.36 9 15500000 16000000 53 13.26

9 13000000 13500000 51 9.64 9 16000000 16500000 55 12 7 134000000 134359064 41 10.18

10 25500000 26000000 47 8.85 9 12500000 13000000 47 10.19 X 106500000 107000000 38 9.41

9 16500000 17000000 36 6.66 9 17500000 18000000 41 8.83 9 12500000 13000000 35 8.64

9 16000000 16500000 35 6.46 9 13000000 13500000 36 7.7 9 16000000 16500000 33 8.12

9 17500000 18000000 35 6.46 1_2 196000000 196500000 34 7.25 2 41000000 41500000 32 7.86

9 25500000 26000000 32 5.87 9 16500000 17000000 29 6.12 7 88000000 88500000 32 7.86

4 131500000 132000000 29 5.27 2 34500000 35000000 21 4.31 9 17500000 18000000 32 7.86

7 134000000 134359064 27 4.87 4 72500000 73000000 20 4.08 2 34500000 35000000 29 7.09

9 17000000 17500000 27 4.87 7 134000000 134359064 19 3.86 4 5000000 5500000 29 7.09

1_2 195000000 195500000 23 4.08 9 25500000 26000000 19 3.86 9 17000000 17500000 28 6.84

Unadapted 30 mM-adapted 60 mM-adapted
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5.4.4 Transcriptome analysis 

5.4.4.1 EccDNA-encoded genes 

It is plausible that genes encoded on eccDNAs may be transcriptionally active if 

the structures required for transcription are accurately replicated on the eccDNA from the 

template. To identify shifts that may be attributed to gene gain or loss, transcriptome data 

for genes encoded on eccDNAs were correlated. Out of 567 identified genes encoded on 

eccDNAs, 35 exhibited elevated levels of expression that were positively associated with 

the presence of an eccDNA-encoded copy of the gene. For the purpose of this analysis, 

an increase in transcript abundance was defined as a 1.2-fold change compared to the 

other conditions. Notably, these eccDNA-encoded genes were exclusively observed in 

one of the three experimental conditions. 

 

Out of the 567 identified genes encoded on eccDNAs, 17 were solely observed in 

unadapted samples and displayed reduced transcript abundance between unadapted 

and 30 mM-adapted samples. Among these genes were Pde12, a phosphodiesterase 

that regulates mRNA stability in the mitochondrion267 and functions as an 

exoribonuclease268, Gpatch11, a nucleic acid binding protein assumed to be present in 

kinetochores269, and Ptbp3, an RNA binding protein used as a biomarker in lung 

adenocarcinoma270 and colorectal cancer271. In contrast, six eccDNA-encoded genes 

exhibited increased transcript abundance in the 30 mM-adapted samples, including 

Ndufs8, a subunit of the NADH:ubiquinone oxidoreductase core that facilitates NADH 

oxidation and ubiquinone reduction in the electron transport chain272, and Exosc4, a 
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component of exosomes that has been shown to stimulate cell proliferation and act as an 

oncogene273. In the 60 mM-adapted samples, 12 genes were exclusively detected on an 

eccDNA and displayed an elevated transcript abundance relative to the 30 mM-adapted 

samples. Lin52, which encodes a protein involved in DNA transcription and is part of the 

DREAM complex that inhibits cell cycle genes unless the oncogene Mybl2 is 

overexpressed274, was among the identified genes. Notably, the selectable marker for the 

VRC01 cell line, Dhfr35, was observed on eccDNAs in unadapted and 30 mM-adapted 

samples, although the criteria for a 1.2-fold difference in transcript abundance was not 

met. The expression of Dhfr was comparable between these two conditions (TMM=9.65 

and 9.11, respectively) but decreased in the 60 mM-adapted cells, where it was not 

identified on an eccDNA (TMM=7.76, 1.17-fold difference). Heatmaps of gene expression 

data that correlate with the presence of eccDNA-encoded genes can be found in Figure 

5.4, and numerical data used to generate the figure can be located in Supplemental 

Table S5.16. Global gene expression values are provided in Supplemental Table S5.17. 
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Figure 5.4: Heatmap of transcriptome abundance for eccDNA-encoded genes that 

show correlated expression with gene presence.  
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5.4.4.2 Metabolism-linked genes 

Although genes related to the lactate-adapted phenotype were not found on 

eccDNAs, we investigated the expression of genes involved in lactate and alanine 

metabolic pathways. These genes were categorized into six groups: monocarboxylate 

transporters (Slc16 family275), amino transferases276, glucose transporters (Slc5 

family277), alanine and glutamine transporters (Slc6 family278), pyruvate metabolism276, 

and glutamate transporters (Slc1 family279). This simplified pathway is shown in Figure 

5.5. Transcriptome data showed no substantial up or downregulation in these genes in 

response to lactate adaptation aside from minor variation. Slc16a6 and Ldhd showed 

slightly elevated levels of transcript abundance in 60 mM-adapted samples compared to 

unadapted samples, however, neither gene was determined to be differentially expressed 

by edgeR. A heatmap of RNA-seq data for lactate and alanine metabolism-associated 

genes is shown in Figure 5.6. Numerical data used to generate Figure 5.6 is available in 

Supplemental Table S5.15. 
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Figure 5.5: Simplified diagram of lactate and alanine metabolism. Arrows are 

representative of genes and gene families that facilitate reactions and transport. Green – 

monocarboxylate transporters, yellow – aminotransferases, purple – glucose 

transporters, blue – glutamate and alanine transporters, red – pyruvate metabolism-

associated genes, and teal – glutamine transporters. Black arrows reflect TCA cycle 

pathways and mitochondrial transport. Genes and gene families depicted in color were 

examined for differential expression (Figure 5.6). Figure generated using BioRender.  
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Figure 5.6: Heat map of RNA-seq data for genes facilitating lactate and alanine 

metabolism. Genes are grouped by function on the left y-axis and gene names are 

shown on the right y-axis. Lactate adaptation level is shown on the x-axis
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5.4.4.3 Differentially expressed genes 

Although the expression of genes related to lactate metabolism appears to remain 

consistent, significant alterations in gene expression (≤ -2 or ≥ 2 log2 fold change) were 

detected throughout the adaptation process. Specifically, 30 mM-adapted cells exhibited 

762 downregulated and 374 upregulated genes relative to unadapted cells. Comparison 

between 30 mM-adapted and 60 mM-adapted cells revealed 333 downregulated and 794 

upregulated genes for 60 mM-adapted cells. Gene clustering using edgeR identified 

1,069 differentially expressed genes for 30 mM-adapted samples, with no net expression 

changes between unadapted and 60 mM-adapted samples. Among these, 868 genes 

were expressed at lower levels and 201 were expressed at higher levels in 30 mM-

adapted samples. Analysis of the 1,069 genes via KEGG pathway mapping revealed 

small numbers of genes involved in a broad range of functions across hundreds of 

pathways. Lists of genes upregulated and downregulated in 30 mM-adapted samples can 

be found in Supplemental Tables S5.19 and S5.20, respectively. Summaries of 

identified KEGG pathways for genes differentially expressed for 30 mM-adapted samples 

can be found in Supplemental Tables S5.21 and S5.22 and edgeR clusters are shown 

in Supplemental Figure S5.4. 

 

Upon comparing unadapted cells to 60 mM-adapted cells, only 108 genes and 134 

proteins were differentially expressed with 67 proteins downregulated and 67 

upregulated. Genes observed to have a net change in expression impacted many 

biological processes and may have a role in genome stability. Rras, a GTPase that 

regulates angiogenesis and is often overexpressed in cancer280 was found to have a 3.06-
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fold increase in expression levels. Another gene with notable net overexpression was 

NADPH oxidase 4. Nox4 catalyzes the production of reactive oxygen species (ROS) and 

plays an important role in hypoxia signaling. Further, Nox4 allows for oncogenic 

adaptation in cancer by facilitating a metabolic shift that is less dependent on aerobic 

conditions281. A critical gene for DNA double-strand break repair, Brca1282, had a 2.71-

fold decrease in expression by the end of lactate adaptation. The gene with the greatest 

net downregulation, Hnrnpc, is a regulator of pre-mRNA processing and has been 

observed to be overexpressed in some cancers; however, reduced expression of Hnrnpc 

has been shown to limit tumor proliferation283,284. Genes with a net differential expression 

change is shown in Table 5.3.  
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Table 5.3: Proteins with significant shifts in net gene expression between 

unadapted and 60 mM-adapted CHO cells. Log2FC – log2 fold-change is normalized to 

the unadapted cells. 

RefSeq ID Gene log2FC RefSeq ID Gene log2FC RefSeq ID Gene log2FC

XP_027259257.1 Pnisr 5.08 XP_027263110.1 Mms19 2.3 XP_027262108.1 C3H16orf87 -2.43

XP_027271342.1 LOC107977511 4.72 XP_027268884.1 Yeats2 2.29 XP_035302467.1 Asip -2.43

XP_035300595.1 Camk2n2 4.07 XP_027266487.1 Banp 2.28 XP_027250346.1 Oard1 -2.44

XP_027260962.1 Usp6nl 4.01 XP_027272584.1 Trip10 2.26 XP_035296751.1 Prkag1 -2.45

XP_027243872.1 Spred2 3.97 XP_027260324.1 Kat8 2.26 XP_027246344.1 Tinf2 -2.45

XP_035299495.1 Vps11 3.81 XP_027281260.1 Baiap2 2.25 XP_035309594.1 LOC118237753 -2.54

XP_027270425.1 Ccdc51 3.77 XP_027281261.1 Baiap2 2.25 XP_035296374.1 Tmem161b -2.62

XP_027265866.1 Tmem41b 3.64 XP_027269839.1 LOC100765617 2.2 XP_027243712.1 Mpv17l -2.62

XP_035309292.1 Tdrd3 3.52 XP_027279239.1 Zswim3 2.19 XP_027243713.1 Mpv17l -2.62

XP_027284541.1 Spr 3.51 XP_027256563.1 Spata24 2.18 XP_035308661.1 Mpv17l -2.62

XP_027274795.1 Nit1 3.33 XP_027253398.1 Asb1 2.18 XP_027285208.1 Ino80b -2.7

XP_035301857.1 Nit1 3.33 XP_035301484.1 Rbbp5 2.18 XP_027285383.1 Tra2a -2.71

XP_027258717.1 Ccn2 3.32 XP_027264466.1 LOC100757535 2.15 XP_027283850.1 Brca1 -2.71

XP_027278256.1 Pex16 3.16 XP_027277209.2 Asip 2.14 XP_027283851.1 Brca1 -2.71

XP_027282741.1 CUNH17orf49 3.09 XP_035296265.1 Nhsl1 2.08 XP_027283852.1 Brca1 -2.71

XP_027276511.1 Rras 3.06 XP_027258948.1 Anp32b 2.06 XP_027283853.1 Brca1 -2.71

XP_027268403.1 Slc35a5 3.05 XP_027254583.1 Il7 2.06 XP_027256348.1 Rnf138 -2.71

XP_027263390.1 Nox4 3.05 XP_027264703.1 Mob2 2.05 XP_027274946.1 Atxn3 -2.75

XP_027279804.1 Coro7 2.98 XP_027273144.1 Acbd6 2.04 XP_035298824.1 Hivep1 -2.77

XP_027254088.1 H6pd 2.95 XP_027281267.1 Chmp6 2.03 XP_027243022.1 Ctbp1 -2.82

XP_027268965.1 Klhl22 2.95 XP_027266778.1 Mthfs 2 XP_035298483.1 Cpne2 -2.83

XP_027247336.1 Agk 2.94 XP_027266779.1 Mthfs 2 XP_027245634.1 Fam133b -2.87

XP_027246345.1 Tinf2 2.92 XP_035307155.1 LOC100774954 -2.04 XP_027271986.1 Hip1 -2.89

XP_027286836.2 Zc3h4 2.9 XP_027274041.1 Trmt5 -2.05 XP_027252162.1 Pphln1 -3.06

XP_027252267.1 Cacnb3 2.88 XP_027250449.1 Nr2c2ap -2.07 XP_027287883.1 Mospd1 -3.11

XP_035306485.1 Ptpn12 2.87 XP_027258438.1 Poli -2.08 XP_027244120.1 Dnajb12 -3.13

XP_027278991.1 Ptpa 2.86 XP_027274796.1 Nit1 -2.13 XP_027244121.1 Dnajb12 -3.13

XP_027259074.1 Stoml2 2.84 XP_027274797.1 Nit1 -2.13 XP_035304186.1 Top3a -3.2

XP_027255528.1 Id3 2.83 XP_027274798.1 Nit1 -2.13 XP_027271702.1 Pus1 -3.2

XP_027275696.1 Slco4a1 2.81 XP_027274799.1 Nit1 -2.13 XP_027247306.1 Hipk2 -3.28

XP_027243830.1 Commd1 2.73 XP_027274800.1 Nit1 -2.13 XP_027258058.1 Rtn4ip1 -3.41

XP_035295692.1 Ift74 2.68 XP_027274801.1 Nit1 -2.13 XP_027262953.1 Ldb1 -3.47

XP_027252455.1 Eif4b 2.6 XP_027258090.1 Pde4b -2.15 XP_027250779.1 LOC103162709 -3.66

XP_027288617.1 Mospd2 2.57 XP_027266034.1 Eef2k -2.16 XP_027255726.1 Zbtb17 -3.67

XP_027265269.1 Zkscan8 2.56 XP_027288241.1 Fam3a -2.18 XP_027270426.1 Ccdc51 -3.73

XP_035294787.1 LOC113833870 2.55 XP_035295624.1 Ndc1 -2.19 XP_027285126.1 Atp6v1e1 -3.87

XP_027282857.1 Vamp2 2.55 XP_035307073.1 LOC100755006 -2.21 XP_035303760.1 Vamp2 -3.91

XP_027283079.1 Top3a 2.46 XP_027267297.1 Pde4a -2.21 XP_027266816.1 Ube3d -3.95

XP_027283080.1 Top3a 2.46 XP_027288197.1 Taz -2.23 XP_035298723.1 Usp6nl -4.16

XP_027258844.1 Palm2akap2 2.42 XP_027265636.1 Uimc1 -2.27 XP_027266818.1 Ube3d -4.33

XP_027271581.1 Pnpla6 2.4 XP_027269840.1 LOC100765617 -2.3 XP_027262827.1 Smndc1 -4.34

XP_027255969.1 Exoc3 2.4 XP_027248483.1 Baz2a -2.32 XP_027250669.1 Smim7 -4.38

XP_027278905.1 Rapgef1 2.39 XP_027248484.1 Baz2a -2.32 XP_027257570.1 Tmem167a -5.29

XP_027248513.1 Ankrd52 2.34 XP_035306520.1 Baz2a -2.32

XP_027257344.1 Ppwd1 2.34 XP_035300748.1 Khsrp -2.38
XP_027242456.1 Hnrnpc -5.62
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5.5 Discussion 

Controlling lactate and ammonia concentrations in industrial cell cultures is of great 

interest to the bioprocessing community as elevated concentrations can limit cell growth 

and lead to reduced productivity and product quality11,57,70,285,286. Numerous process 

engineering efforts have been made to mitigate waste production such as feeding 

alternative carbon sources63,287, using sensors in controlled bioreactors to tune feeding of 

glucose and/or glutamine288,289, and varying culture pH45,290. Other studies have focused 

on choosing clones that have higher lactate consumption rates68,291,292. Genetic 

engineering attempts include overexpression of pyruvate carboxylase 2 (Pyc2)293,294, and 

galactokinase (Galk1)262, as well as knockdown or downregulation of lactate 

dehydrogenase A (Ldha) and/or pyruvate dehydrogenase kinases (Pdhk)295-298. While 

there is a large body of literature on controlling lactate levels and adapting cells to grow 

in lactate, results have been varied with little consensus regarding the most efficient 

method. Further, the underlying mechanisms of these effects have not been deciphered. 

 

Few studies have addressed the issue by feeding cultures with lactate to shift pH73 

or adapting cells to lactate by media supplementation72. Freund et al. is the only published 

study characterizing a CHO cell line that is adapted to grow in elevated extracellular 

lactate. Notably, Freund et al. proposed that adaptation was likely a result of mass action 

rather than a specific metabolic shift that enabled adaptation. Notably, previous work in 

CHO cells has demonstrated that amination of pyruvate to alanine is a metabolic stress 

response to excessive ammonia accumulation58. Phenotypic data of lactate-adapted cells 

in this work suggests that excessive lactate is likely mitigated in a similar fashion; by 
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dehydrogenating lactate to produce pyruvate and transamination with -ketoglutarate to 

form alanine. This hypothesis is supported by the reduced levels of ammonia observed 

in lactate-supplemented cultures of lactate-adapted cells (Figure 5.2G) which is 

consistent with the findings presented in Freund et al.’s lactate-adapted cells72. Alanine 

biosynthesis allows for simultaneous removal of both lactate and ammonia (Figure 5.5D 

and 5.5G) and is likely a stress response mechanism for metabolic waste accumulation 

in CHO cells. 

 

Overall, eccDNA structure does not show significant signs of change with lactate 

adaptation (Table 5.1). Small shifts were observed, such as LINE and SINE elements 

increasing and decreasing, however the shifts are so small they could easily be attributed 

to natural variation or variation from sample preparation and/or sequencing. The most 

substantial difference observed with respect to lactate adaptation was the increase in 

average eccDNA sequence length combined with an increase in the proportion of 

eccDNAs harboring genes. An increase in average sequence length could be indicative 

of recombination between smaller eccDNAs119, however an in-depth, sequence-by-

sequence structural analysis would be required to confirm that hypothesis. The 

proportions of repeat content and distribution, GC content, tRNA, and gene content 

exhibit consistency with minimal variation noted between lactate-adapted eccDNAs and 

the three conditions previously observed in VRC01 eccDNAs11. Collectively, these data 

suggest that the composition of eccDNA sequence structures in VRC01 are minimally 

impacted by stress adaptation and fed-batch culturing. 
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Identification of eccDNA biogenesis sites indicated a genomic hotspot on 

chromosome 9, specifically between 12.5 Mbp and 18 Mbp in all levels of lactate 

adaptation (Table 5.2 and Supplemental Figures S5.1-S5.3). One genomic region on 

chromosome X exhibited a high biogenesis frequency only in the 60 mM-adapted 

samples, ranking among the top 15 regions with highest frequencies. This region, which 

has been previously identified as a high-frequency window in other studies, was otherwise 

consistent in VRC0111. Previous studies have demonstrated that eccDNA biogenesis 

frequencies can significantly shift in response to stress adaptation119; however, in this 

study, no significant changes in biogenesis frequencies were observed in response to 

lactate adaptation. The observed increase in frequencies from windows on chromosomes 

7 and X in 60 mM-adapted eccDNAs cannot be attributed to transcriptome-driven 

biogenesis, as none of the genes located in those regions were found on an eccDNA. 

Notably, the chromosome 7 window with high frequencies is located at the telomeric 

region of the chromosome and may indicate decreasing chromosome stability via the 

production of t-circles227,245.  

 

EccDNAs have been shown to mediate stress response and adaptation via gene 

overexpression across species in response to many stimuli118,119,138,151,152,223. Further, 

some evidence has been shown that eccDNAs may play a minor role in modifying gene 

expression patterns in VRC01 cells grown in lactate-stressed conditions by amplifying 

Akr1b111. It is important to note that in the previous study, genes that correlated with 

eccDNA gene presence had a more substantial difference in transcript abundance (≤ -2 

or ≥ 2 log2 fold change). Initially, employing the same threshold to this dataset showed no 
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correlation, which resulted in the relaxed criteria utilized to identify correlation. Further, 

genes with a low level of expression (TMM<2 in all three conditions) were excluded to 

limit false positives. Correlating transcript abundance with eccDNA gene content and 

establishing a 1.2x difference in TMM values identified 35 eccDNA-encoded genes that 

may be transcriptionally active.  

 

RNA-seq data shown in this study suggests that certain changes in gene 

expression may be attributed to eccDNA, however none of the eccDNA-encoded genes 

with correlated gene expression changes do not appear to respond to stress. In the 30 

mM-adapted samples, Ndufs8, which is encoded on an eccDNA, is the only gene related 

to redox balancing that may have an impact on lactate-adaptation, but this gene was not 

found on an eccDNA in the 60 mM-adapted samples. Two eccDNA-encoded genes that 

correlated with gene expression changes exhibit potential to enhance genome stability. 

Lin52 is a subunit of the DREAM complex, which is a crucial regulator of gene expression 

shifts that are dependent on cell cycle progression299. Overabundance of DREAM 

complex components could result in tighter control of cell cycle genes that regulate growth 

and DNA synthesis. Downregulation of Ptbp3 is also a positive sign for improving genome 

stability as overexpression is a highly reliable biomarker for cancers270,271,300,301. While 

overexpression of Ptbp3 is correlated with many cancer phenotypes, knockdown or 

silencing of Ptbp3 has been shown to induce cell cycle arrest and apoptosis302. 

 

Key metabolism and transporter genes were examined to identify shifts in gene 

expression that may accommodate the lactate-adapted phenotype. Despite adaptation of 
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cells to levels of extracellular lactate far beyond what is normally tolerable in CHO cell 

cultures, no evidence was found that indicates a transcriptome-level response. Freund et 

al. proposed that lactate adaption occurred by mass action; excess lactate in culture 

would make conversion to pyruvate more thermodynamically favorable. While the lactate 

consumption phenotype is likely due to substrate-level control, lactate accumulated in all 

cultures until Day 3 regardless of lactate adaptation and/or supplementation which would 

not agree with Freund’s proposed mechanism.  

  

Significant changes in gene expression were observed between 60 mM-adapted 

and 30 mM-adapted samples, although lactate metabolism genes were not significantly 

modulated. In contrast, no such changes were observed between unadapted samples 

and 60 mM-adapted samples. Eukaryotic gene expression is regulated by complex 

signaling cascades183. Changes in expression are effected greatly by external signaling 

pathways, transcription factors and can be short or long-term303. The large shifts in gene 

expression with regard to 30 mM-adapted cells was unexpected; however, when 

comparing unadapted to 60 mM-adapted cells, some of the expression changes seen in 

30 mM-adapted cells are likely attributed to gene expression tuning in response to the 

lactate stress304. Responding to a temporary stress can cause shifts in complex gene 

regulation pathways; adaptation to chronic stresses can cause drastic rebalancing of 

regulatory cascades303. In yeasts, stochastic switching has been observed as a survival 

tactic in response to environmental stresses305. The observed random gene expression 

shifts in 30 mM-adapted cells could be attributed to the rapid pace of adaptation to lactate. 

Stochastic expression in response to stress has also been observed in Arabidopsis. For 
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instance, when exposed to heat stress, more than 16,000 genes exhibited differential 

expression, with only 43 conferring a selective advantage for adaptation306. 

 

Examining net differential gene expression between unadapted and 60 mM-

adapted samples identified 134 genes with a net change in transcript abundance by the 

end of the adaptation process. The increased expression of Nox4 is likely the closest 

indicator of a gene expression shift mediating the lactate adaptation process as Nox4 has 

been shown to encourage tumor growth in anaerobic environments281. Also notable is the 

downregulation of four splice variants of Brca1, a critical DNA repair gene. Maintenance 

of Brca1 is critical as excess stress can result in unintentional genomic rearrangements27. 

Further, differential expression of Rras and Hnrnpc in opposite patterns is also unusual, 

as overexpression of these genes typically encourages proliferation. The data presented 

in this study provides a single point in time snapshot of a highly dynamic lactate 

adaptation process, and although gene expression may become more finely tuned at 

higher levels of adaptation, it is probable that stochastic switching may still play a role. To 

identify precise changes in gene expression in response to lactate adaptation, time-series 

data from extended cultures of lactate-adapted cells would be necessary. 

 

5.6 Conclusions 

This study characterizes phenotypic behavior, circulome dynamics, and gene 

expression shifts in CHO cells gradually adapted to grow in extreme levels of extracellular 

lactate. The generation of alanine in lactate-adapted cultures that are supplemented with 

lactate suggests that alanine biosynthesis may be an efficient mitigation mechanism  of 
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both lactate and ammonia in CHO cells. EccDNA content in the VRC01 cell line remains 

highly heterogeneous and dynamic with no clear evidence of contributing to overall 

differential gene expression in a substantial way. Notably, eccDNAs were observed to be 

longer and less abundant as lactate adaptation progressed, which may be indicative of 

eccDNA recombination. The underlying mechanism of lactate adaptation in CHO cells 

remains unclear, though expression of lactate metabolism genes do not appear to change 

in response to lactate stress. Finally, 134 genes were found to have a net change in 

expression through the adaptation process, though more than 1,000 genes were 

observed to be differentially expressed between unadapted, 30 mM-adapted, and 60 mM-

adapted cultures. This data could suggest stochastic switching of gene expression as a 

stress adaptation mechanism in CHO cells. Further study of these gene expression 

profiles in these cells grown in extended culture is needed to fully assess the contribution 

to the lactate-adaptated phenotype.
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CHAPTER SIX 

 

CHARACTERIZATION OF METABOLIC RESPONSES, GENETIC VARIATIONS, AND 

MICROSATELLITE INSTABILITY IN AMMONIA-STRESSED CHO CELLS GROWN IN 

FED-BATCH CULTURES 

 

6.1 Abstract 

As bioprocess intensification has increased over the last 30 years, yields from 

mammalian cell processes have increased from 10’s of milligrams to over 10’s of grams 

per liter. Most of these gains in productivity can be attributed to increasing cell densities 

within bioreactors. As such, strategies have been developed to minimize accumulation of 

metabolic wastes, such as lactate and ammonia. Unfortunately, neither cell growth nor 

biopharmaceutical production can occur without some waste metabolite accumulation. 

Inevitably, metabolic waste accumulation leads to decline and termination of the culture. 

While it is understood that the accumulation of these unwanted compounds imparts a 

suboptimal culture environment, little is known about the genotoxic properties of these 

compounds that may lead to global genome instability. In this study, we examined the 

effects of high and moderate extracellular ammonia on the physiology and genomic 

integrity of Chinese hamster ovary (CHO) cells. Through whole genome sequencing, we 

discovered 2,394 variant sites within functional genes comprised of both single nucleotide 

polymorphisms and insertion/deletion mutations as a result of ammonia stress with high 

or moderate impact on functional genes. Furthermore, several of these de novo mutations 

were found in genes whose functions are to maintain genome stability, such as Tp53, 
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Tnfsf11, Brca1, as well as Nfkb1. Furthermore, we characterized microsatellite content of 

the cultures using the CriGri-PICR Chinese hamster genome assembly and discovered 

an abundance of microsatellite loci that are not replicated faithfully in the ammonia-

stressed cultures. Unfaithful replication of these loci is a signature of microsatellite 

instability. With rigorous filtering, we found 124 candidate microsatellite loci that may be 

suitable for further investigation to determine whether these loci may be reliable 

biomarkers to predict genome instability in CHO cultures. This study advances our 

knowledge with regards to the effects of ammonia accumulation on CHO cell culture 

performance by identifying ammonia-sensitive genes linked to genome stability and lays 

the foundation for the development of a new diagnostic tool for assessing genome 

stability.  

 

6.2 Introduction 

Biopharmaceutical manufacturing represents nearly 2% of the total US GDP307 

which makes it an important driver of the US economy. Biopharmaceuticals include 

monoclonal antibodies, recombinant proteins, and assemblies of proteins produced by 

biological means. Commercial products are used as blood factors, thrombolytic agents, 

therapeutics, growth factors, interferons, and vaccines 308,309. The most common 

mammalian cell line used is the Chinese hamster ovary (CHO) cell line, due to its ability 

to produce biopharmaceutical molecules with post-translational modifications required in 

humans 310. However, it is well understood that recombinant CHO cell lines are 

susceptible to genome instability that is often observed after approximately 70 

generations 2,37,311,312. Previous studies have characterized genomic variants across 
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various CHO cell lines that may be a contributing factor to genome instability 213,313,314. 

An unstable genome can result in reduced productivity in continuous cultures and fed-

batch systems 30,315. A common occurrence in both continuous cultures and fed-batch 

systems is the accumulation of metabolic waste products, such as ammonia and lactate. 

The role these waste products play in cellular processes, such as glycosylation, 

metabolism, and productivity have been characterized 61,316-318; however, the effects of 

these waste products on genome stability have not been directly assessed.  

 

Microsatellite instability (MSI) is described as genetic hypermutability at 

microsatellite loci where a high frequency of insertion or deletion (indel) mutations 

accumulate in daughter cells during cell division 97,235. MSI results from improperly 

functioning mismatch repair (MMR) pathways which are key to maintaining genome 

stability 112. Rather than correcting DNA mismatch errors that occur spontaneously during 

DNA replication, cells with impaired MMR systems accumulate these errors over the 

course of subsequent propagation. The prevalence of these errors allow for MSI loci to 

be utilized as stable genetic biomarkers that are capable of diagnosing many human 

cancers 111,319. Studies have shown that approximately 15% of human patients with 

colorectal cancer 110,112, 20% of patients with stomach cancer 113, and 30% of patients 

with endometrial cancer 114 could attribute their disease to genome instability that can be 

diagnosed with MSI biomarkers. The clinical uptake of MSI-based diagnostics, such as 

the Bethesda Panel, demonstrates the reliability and clinical utility of MSI loci as 

biomarkers 106.  
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In this study, we investigated the effects of exogenous ammonia exposure on 

genome stability during fed-batch cultures of CHO cells. Specifically, the accumulation of 

DNA mutations in cells exposed to elevated ammonia were compared to cultures grown 

under standard fed-batch conditions. Ammonia was added to duplicate parallel cultures 

at 10 mM and 30 mM final concentrations at 12 hours of culture time to establish mild and 

high ammonia stresses respectively. After 72 hours of elevated ammonia exposure, 

samples were taken for whole genome sequencing (WGS). These sequences were then 

analyzed for MSI, single nucleotide polymorphisms (SNPs), and insertion/deletion (indel) 

variations. The SNPs and indels were mapped to the Chinese hamster genome and 

assessed for functional impact in both coding and regulatory genetic regions. 

Microsatellite regions were analyzed to identify loci with dose-dependent indel mutations 

that could be used as potential biomarkers. 

 

6.3 Materials and Methods 

6.3.1 Culture conditions  

A recombinant CHO-K1 Clone A11 from the Vaccine Research Center at the 

National Institutes of Health (NIH), which expresses the anti-HIV antibody VRC01 (IgG1) 

was used. The inoculum train was expanded in 250 mL shake flasks with 70 mL ActiPro 

media (GE Healthcare) that were maintained at 5% CO2 and 37°C. The bioreactors were 

ambr® 250 bioreactors (Sartorius Stedim, Göttingen, Germany) with two pitched blade 

impellers and an open pipe sparger (vessel part number: 001-5G25). The bioreactors 

were inoculated at a target cell density of 0.4 × 106 cells/mL in ActiPro batch media and 

fed daily beginning on Day 3 (3% (v/v) Boost 7a and 0.3% (v/v) Boost 7b (GE 
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Healthcare)). Duplicate cultures were ammonia-stressed at 12-h post inoculation with 0 

mM, 10 mM, or 30 mM NH4Cl. The 0 mM and 10 mM cultures used saline to normalize 

the volume of the 0 mM and 10 mM cultures to the 30 mM cultures. Dissolved oxygen 

was controlled at 50% of air saturation using PID control that increased the O2 mixture in 

the gas sparge to 100%, then the stir speed from 300 to 600 rpm. Antifoam (10% solution 

in media; SH30897.41 – GE Healthcare) was added as needed to control foaming. All 

gases were supplied through the open pipe sparger; an overlay was not used. The pH 

was controlled via sparging CO2 and air, and base pump (1 M NaOH). The pH setpoint 

was 7.0 with a 0.2 deadband. Temperature was controlled at 37°C. Samples for WGS 

and MSI analysis were harvested at 84 hours culture time (72 hours post-stress) and 

centrifuged at approximately 2,000 x g for 15 minutes at 4°C. The supernatant was 

removed, and the pellet was stored at -80°C. 

 

6.3.2 DNA extraction, whole genome sequencing, and microsatellite variant 

discovery 

Pellets of approximately 0.5 x 106 cells were pre-washed with 1X phosphate 

buffered saline (PBS) prior to extraction. Total genomic DNA (gDNA) was purified from 2 

replicate samples per condition with the DNAeasy Blood and Tissue Kit (Qiagen), 

following the manufacturer’s recommended procedures and combined prior to 

sequencing. Whole genome shotgun sequencing was performed on an Illumina NovaSeq 

(2x150 paired end) through a third- party vendor to approximately 30x genome coverage. 

Raw sequence data was assessed for quality with the FASTQC software 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Raw sequence data was 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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preprocessed to remove low quality bases and adapter sequences with the Trimmomatic 

software v.0.38 194. Preprocessed reads were aligned to the CriGri-PICR version 

assembly of the Chinese hamster genome (Cricetulus griseus) (RefSeq assembly 

accession: GCF_003668045.1) with the Bowtie2 v.2.3.4.1 short read aligner 195. 

Alignments were coordinate sorted and indexed with SamTools v1.3.1 320. SNPs and 

indels were determined with the HaploTypeCaller Walker from the Genome Analysis 

Toolkit (GATK v.4.0) 321. Genetic variants in the resulting VCF file (SNP and INDEL) were 

hard filtered according to the following criteria: read depth (DP 6) and mapping quality 

(MQ 30).  Variant sites were further filtered to remove variant loci that were common 

between the sample groups but differed from the CHO PICR reference assembly.  Finally, 

variant sites were kept in the final VCF file only if one or both of the treatment samples 

differed from the control.  Functional SNPs were characterized with the SnpEff software, 

v4.3 322. Genome-wide microsatellite loci were determined against the PICR CH assembly 

with MISA, a microsatellite finder software 323. Microsatellite loci were intersected with 

indel coordinates using BedTools Intersect command 2.27.1 187 to identify indel variants 

associated with microsatellites.  

 

6.3.3 Text/data mining and functional enrichment analysis  

The query “genomic instability [MeSH Terms]“ was used to search PubMed to 

retrieve the abstracts with PMIDs (14,968 PMIDs). The PubTator 324 tool was used to 

collect genes annotated in these abstracts with Entrez Gene IDs 

(ftp://ftp.ncbi.nlm.nih.gov/pub/lu/PubTator/gene2pubtator.gz released 2/14/2020). 

Among the 5,073 retrieved genes, 3,131 genes were human (Homo sapiens), 882 mouse 

ftp://ftp.ncbi.nlm.nih.gov/pub/lu/PubTator/gene2pubtator.gz
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(Mus musculus), 435 yeast (Saccharomyces cerevisiae) representing the three top 

species with the largest number of genes mapped in those PubMed abstracts. The other 

top mapped species include seven vertebrates: rat, chicken, zebrafish, frog, Chinese 

hamster, dog and pig as well as three non-vertebrates: fly, Arabidopsis, and worm. The 

ortholog pairs between human and the eight other above vertebrates were mapped with 

NCBI ortholog assignment (ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/gene_orthologs.gz 

released 07/20/2020), whereas those between human and the four non-vertebrate 

species were mapped with OMAbrowser (https://omabrowser.org/oma/genomePW/). 

Altogether, 2,897 human genes linked to “genomic instability” were matched with 

corresponding Chinese hamster orthologs. For the SNP list with high and moderate 

impact mutations by SnpEff, 273 Chinese hamster genes were mapped with their 

corresponding human orthologs that had been linked to “genomic instability”. 

ClusterProfiler 192,325 was used to obtain the enriched KEGG pathways and GO 

annotations for the given gene lists. 

 

6.3.4 Identification of candidate MSI loci  

Candidate MSI loci were determined with a filtering strategy that leverages several 

criteria as follows: First, each novel indel-variable genomic locus was assigned a mutation 

score which is a proportion of the number of variant reads (allelic depth) by the total depth 

of reads for each site extracted from the .vcf file. Second, the mutation scores of the 

control cultures were subtracted from the mutation scores of the treated loci in order to 

generate a mutation score relative to the control. This allowed for the removal of loci that 

did not exhibit dose-dependent responses to the exogenous ammonia. Concurrently, loci 

ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/gene_orthologs.gz
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with nonpositive relative mutation scores were also removed. The remaining loci were 

then intersected with the genome-wide microsatellite coordinates determined by MISA 

with the Intersect command of BedTools v2.27.1 187 to identify loci within known 

microsatellites. The final ranked set of candidate MSI loci contain sites where control 

samples have fewer to no variant reads in comparison to the treated samples.  

 

6.4 Results  

6.4.1 Growth and metabolite profiles 

Recombinant CHO cells expressing the monoclonal antibody VRC01 were 

cultured in tightly controlled ambr® 250 bioreactors for 12 hours prior to the addition of 

ammonia to stress the cultures. Up to 1.5 days post-inoculation, there were no observable 

differences in the viable cell densities (VCD); however, at 2.5 days, the 30 mM ammonia-

stressed cultures had substantially lower VCDs compared to the control and 10 mM 

stressed cultures (Figure 6.1A). The 10 mM ammonia-stressed cultures had similar 

VCDs to the control cultures until Day 7; yet cell viabilities were similar to the control 

cultures for the entire culture durations. In contrast, the 30 mM ammonia-stressed 

cultures reached peak VCDs on Day 4 and gradually declined until the cultures were 

harvested on Day 8.5 due to low viability (< 70%); a cell viability below 70% is a standard 

harvesting threshold. Samples for genome sequencing were taken 84 hours post 

inoculation (Day 3.5), i.e., 72 hours post-stress. At the time of harvest of genome 

sequencing samples, the viability for all samples was greater than 90% (Figure 6.1A). 

The mildly stressed (10 mM) cultures had no significant change in the ammonia levels 

between 12 and 84-h, while the high stress (30 mM) cultures had a gradual decline in the 
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ammonia concentration until harvested (Figure 6.1B). The glucose and lactate profiles 

(Figure 6.1D,E) confirm that the control and 10 mM ammonia-stressed cultures were 

paired closely throughout the entire cultures, although the 10 mM stressed culture had 

slightly lower VCD beginning on Day 6. In contrast, the 30 mM ammonia-stressed cultures 

began to accumulate glucose and lactate after Day 5, most likely due to the set feeding 

protocol based on culture volume, and the significantly lower cell growth (Figure 6.1A). 

It is well-known that excessive glucose inevitably leads to lactate accumulation 61, which 

was observed for the 30 mM stressed cultures. Amino acid profiles were also obtained 

for these cultures 326. The amino acid profile that showed the greatest differences 

between the control and 10 mM cultures was alanine; both the 10 mM and 30 mM 

ammonia-stressed culture alanine profiles were very similar through Day 6, while the 

control cultures had profiles that represented a higher consumption rate, as alanine was 

fed starting on Day 3 (Figure 6.1C). The glutamine profiles for the control and 10 mM 

cultures were similar up to Day 7, until the 10 mM cultures began to accumulate glutamine 

(Figure 6.1G). The glutamine accumulation can be attributed to the feeding of glutamate 

(Figure 6.1H), which when in excess can be aminated to form glutamine 327. The 30 mM 

cultures were terminated prior to any significant differences in the glutamine accumulation 

being observed between the control and 30 mM cultures. Therefore, the glutamate 

feeding, based on volume, caused glutamate to accumulate due to lower VCD relative to 

the control cultures for the 10 mM and 30 mM cultures. This in turn impacted the glutamine 

profile. A global measure of cell health is the overall protein production and cell-specific 

productivity. The monoclonal antibody titer at the end of the cultures was about 50% lower 

for the 10 mM cultures compared to the control cultures, whereas the 30 mM cultures had 
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negligible protein productivity in (Figure 6.1F). Furthermore, cell-specific productivity 

(picograms of IgG per cell per day) was found to be substantially higher in the control 

cultures when compared to the 10 mM sample. It should also be noted that the control 

and 10 mM cultures had a relatively stable production rate, whereas the 30 mM cultures 

declined (Figure 6.1I). Overall, the samples for the genome sequencing analysis were 

taken at culture times when there were no substantial VCD, viability, or metabolic 

differences between the control and 10 mM ammonia-stressed cultures; however, the 

VCD was significantly lower for the 30 mM ammonia-stressed cultures (Figure 6.1). 
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Figure 6.1: Cell growth, ammonia, titer and metabolic profiles for CHO K-1 VRC01 

cells cultured in duplicate in the ambr® 250 bioreactor. The ammonia stresses (10 

mM and 30 mM) were added at 12 hours. Samples for genomic analysis were harvested 

at 84 hours (3.5 days) as shown by the solid grey line. A) Viable cell density (VCD) and 

viability (filled and hollow symbols, respectively), B) ammonia, C) alanine, D) glucose, E) 

lactate, F) titer of recombinant monoclonal antibody, G) glutamine, H) glutamate, and I) 

Cell-specific productivity (qp). Due to low levels of the recombinant protein in culture prior 

to day 5, the qp value is not shown until a significant titer has been reached.  In industry, 

it is common to only measure titers starting at day 7. Control - 0 mM (blue and purple 

lines); 10 mM (orange and red lines); 30 mM (green and dark green lines).
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6.4.2 Whole genome shotgun sequencing and variant discovery in stressed 

conditions 

Whole genome shotgun sequences were collected for the control and treated 

samples to an approximate depth of 30X coverage to assess the genomic impact of 

exogenous ammonia exposure. A total of 389,694 variant sites were identified across 

both stress levels that were composed of 310,597 SNPs and 79,097 indels, 

(Supplemental Tables S6.1 and S6.2 respectively). Of the 389,694 variant sites, a total 

of 135,913 variant sites reside in protein coding genes (Supplemental Table S6.3). The 

variant sites were seemingly randomly distributed in both intergenic and genic positions 

across the genome.  A distribution and density map of variant positions relative to 

annotated coding genes is depicted in Figure 6.2.  These variants were further filtered to 

remove sites annotated as a modifier or low impact variant (e.g. synonymous mutations) 

predicted by SnpEff. This led to the discovery of 2,394 variants within protein coding 

genes with significant impact variations (high/moderate impact predicted by SnpEff) due 

to ammonia stress (Supplemental Table S6.4)
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Figure 6.2: Genome coverage map of genetic variants and MSI loci in the 10 longest 

CHO scaffolds.  A circos plot of the 10 longest CHO genome scaffolds (parsed into 100kb 

windows that represents approximately ~20% of the CHO genome) that depicts 

distribution of genetic variants and MSI loci.  The innermost track (light purple) depicts 

candidate MSI loci (23 out of the 124); Indel density and distribution is depicted in light 

blue; SNP density and distribution is in light red; and gene density is plotted outside of 

the CHO ideograms in light orange.  Ideogram ticks are scaled in megabases.
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6.4.3 Functional impact of ammonia-induced variants in genome stability genes 

The above described 2,394 variants were assigned to 1,843 Chinese hamster 

protein-coding genes with certain functional impact. Through mapping of human orthologs 

for those Chinese hamster genes, we found 273 genes that are linked to genome 

instability terms via text mining (Supplemental Table S6.5). Figure 6.3A shows the map 

for KEGG enrichment result of over-representation test of the 273 genes. The five most 

significant KEGG pathways include breast cancer, cellular senescence, longevity 

regulating pathway, MAPK signaling pathway, and cell cycle. It is critical to note that the 

KEGG enrichment analysis (Figure 6.3A) combines all variants found in the 10 mM and 

30 mM stress cultures, whereas gene lists for variants exclusively detected in 10mM or 

30mM stress samples generated no enrichment of KEGG pathways. Figure 6.3B shows 

the KEGG comparison between three gene lists: one for all variants in 10mM sample, 

another for 30mM sample, and one for variants from the combined list (i.e., the above 

mentioned 273 genes). Breast cancer, cellular senescence, longevity regulating pathway 

are the three KEGG pathways common to the three gene lists (Figure 6.3B). These 

corresponding genes are listed in Table 6.1. Figure 6.4 summarizes the significant GO 

terms enriched among the genes for variants existing at both stress levels. Notable GO 

biological process terms in Figure 6.4 include DNA recombination, cell cycle checkpoint, 

regulation of response to DNA damage stimulus, telomere organization, and DNA 

damage checkpoint. Additionally, notable functions of genes include double-strand break 

repair (Brca1), mismatch repair (Mlh3), and centromere generation (Cenpc) 

(Supplemental Table S6.5). More detailed enrichment analysis on KEGG and GO of 

variant genes can be found in Supplemental Tables S6.6-S6.9. 
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Figure 6.3: KEGG enrichment results from over representation analysis of 

ammonia-sensitive genes linked to genomic instability. A) Network plot of most 

significant enriched KEGG pathways. Enrichment scores (i.e., adjusted p values) and 

gene counts (the number of genes enriched in a KEGG term) are depicted by dot color 

and size. B) Comparison of enrichment results of KEGG pathways for genes identified 

with significant variants in the 10mM Ammonia-stressed culture (111 genes), in the 30mM 

culture (102 genes), and in the union of 10mM and 30mM cultures (148 

genes). Enrichment scores (i.e., adjusted p-values) and gene ratios (the percentage of 

total genes in the given KEGG term) are depicted by dot color and size. The plots are 

made with clusterProfiler.
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Table 6.1: A summary of select KEGG enrichment genes discovered in ammonia-stressed cultures that can be 

linked to genome instability in humans via text mining. 

Gene Name (Human)
Entrez Gene ID 

(Human)

Entrez Gene ID (Chinese 

hamster)

tumor necrosis factor superfamily member 11 (TNFSF11) 8600 100768715

peroxisome proliferator activated receptor gamma (PPARG) 5468 100689245

interleukin 1 alpha (IL1A) 3552 100769260

Wnt family member 1 (WNT1) 7471 100766046

protein phosphatase 1 catalytic subunit alpha (PPP1CA) 5499 100760810

transforming growth factor beta receptor 1 (TGFBR1) 7046 100772727

E2F transcription factor 4 (E2F4) 1874 100765561

frizzled class receptor 2 (FZD2) 2535 100763109

LDL receptor related protein 6 (LRP6) 4040 100772150

tuberous sclerosis 2 (TSC2) 7249 100755849

lin-9 DREAM MuvB core complex component (LIN9) 286826 100774401

BRCA1, DNA repair associated(BRCA1) 672 100770724

mitogen-activated protein kinase kinase 1 (MAP2K1) 5604 100689403

protein kinase AMP-activated non-catalytic subunit gamma 3 (PRKAG3) 53632 100770459

activating transcription factor 2 (ATF2) 1386 100754663

RB1 inducible coiled-coil 1 (RB1CC1) 9821 100763340

progesterone receptor (PGR) 5241 100757656

fms related tyrosine kinase 4 (FLT4) 2324 100766609

Klotho (KL) 9365 100758189

notch 1 (NOTCH1) 4851 100761880

beta-transducin repeat containing E3 ubiquitin protein ligase (BTRC) 8945 100750426

nuclear factor kappa B subunit 1 (NFKB1) 4790 100770607

tumor protein p53 (TP53) 7157 100682525

cyclin E1 (CCNE1) 898 100753358

notch 2 (NOTCH2) 4853 100771788
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Figure 6.4: Gene Ontology (GO) enrichment results from over representation 

analysis of ammonia-sensitive genes linked to genomic instability. Terms in the 

three GO categories are grouped with color bars: biological process (red), cellular 

component (orange), and molecular function (blue). Fold enrichment is shown in x-axis. 

Enrichment scores (i.e., adjusted p-values) and gene counts (the number of genes 

enriched in a GO term) are depicted by dot color and size. The plot is made with 

clusterProfiler. 
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6.4.4 Microsatellite and candidate MSI loci 

A whole-genome scan for microsatellites discovered a total of 409,628 loci, with 

motifs that included di-, tri-, and tetranucleotide repeats (Supplemental Table S6.10). As 

expected, the microsatellites composed of dinucleotide repeats were the most prevalent 

with a total of 287,124. Trinucleotide and tetranucleotide motifs were less abundant with 

46,602 and 75,902 occurrences, respectively. An analysis of genome-wide indels in 

ammonia treated and control samples revealed 1,022 microsatellites that were 

lengthened or shortened due to the ammonia stress (Supplemental Table S6.11). An 

example microsatellite locus with desirable length variation resulting from elevated 

ammonia is shown in Figure 6.4. In this example, there is a higher abundance of mapped 

reads with deletions for the 30mM ammonia stressed cultures, suggesting a dose-

dependent response. Furthermore, we developed a custom mutation score and stringent 

filtering criteria (see methods) to identify a candidate set of 124 MSI loci where stable 

mutations were present in both ammonia-stressed cultures, but were not present in the 

control cultures. These 124 MSI loci can be used for future research as diagnostics for 

genome instability (Figure 6.2). It is important to note that because the mutation score 

was calculated using the allelic depth; loci with more reads are statistically more 

significant than those with fewer reads. With this in mind, the 124 candidate MSI loci may 

not be all inclusive of the optimal loci due to the variation in mapped read depth across 

the genome. The remaining loci after each filter step is summarized in Table 6.2. A full 

list of loci in each step can be found in Supplemental Tables S6.12-S6.15, while the 

location of all candidate loci are summarized in Table 6.3.  
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Figure 6.5: An Integrated Genome Viewer (IGV) image of a microsatellite located on 
scaffold NW_020822544.1 at position 4,160,116. A) control, B) 10 mM, and C) 30 mM 
cultures. This microsatellite contains five repeats of an AAC motif. They grey lines above 
each nucleotide are indicative of the total read depth at that location; note that it is 
significantly lower in regions where deletions were detected. 
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Table 6.2: Numerical representation of filter progression. 

Filter Criteria Remaining Loci

Genome-wide INDELs 79,097

30 mM Relative Mutation Score > 10 mM 

Relative Mutation Score
35,437

Loci with positive Relative Mutation Score 16,678

Loci confirmed to be microsatellites 187

Loci with genotypes that vary from the control 124
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Table 6.3: Location and composition of all candidate microsatellites. More detailed information on candidate loci can 
be found in Supplemental Table S6.15. 

Scaffold Position Motif 10 mM 30 mM Control Scaffold Position Motif 10 mM 30 mM Control

NW_020822370.1 34498325 (GA)31 85.71 94.44 83.33 NW_020822439.1 16584719 (GT)8 20 36.36 7.14

NW_020822370.1 29116483 (AG)22 14.29 62.5 0 NW_020822439.1 2390672 (TG)62 12.5 33.33 0

NW_020822370.1 8110802 (GT)33 14.29 20 7.14 NW_020822439.1 243530 (CA)25 25 50 0

NW_020822373.1 4520712 (TC)27 10.34 12.4 4.59 NW_020822439.1 17884454 (AGAT)11 13.33 20 7.14

NW_020822375.1 17984519 (GT)23 90 100 77.78 NW_020822440.1 3560698 (GA)28 88.89 90 83.33

NW_020822375.1 24391224 (CA)8 41.67 70 0 NW_020822443.1 2115154 (AC)27 27.27 43.75 9.09

NW_020822376.1 2957094 (CA)7 13.04 21.05 8.33 NW_020822446.1 382267 (CA)32 66.67 75 33

NW_020822382.1 3087333 (CCTC)5 14.29 21.43 0 NW_020822450.1 9390312 (AC)22 16.67 44.44 11.11

NW_020822403.1 19387296 (AC)25 28.57 50 4.76 NW_020822452.1 9210374 (CT)31 90 93.33 81.82

NW_020822403.1 15933029 (AC)26 25 46.15 0 NW_020822458.1 15628677 (AG)27 91.67 100 73.33

NW_020822406.1 3701096 (GT)23 14.29 42.86 9.09 NW_020822461.1 21799265 (TCTT)16 16.67 25 0

NW_020822407.1 7711795 (AAAC)6 16.67 26.67 0 NW_020822464.1 1598541 (AC)26 84.62 100 83.33

NW_020822409.1 5651224 (AAT)12 14.29 44.44 0 NW_020822464.1 6242934 (TG)26 27.78 36 0

NW_020822410.1 13888699 (GT)28 83.33 90.32 63.64 NW_020822465.1 1645147 (TG)9 39.29 54.55 5.88

NW_020822410.1 10858329 (AC)19 94.12 96.15 75 NW_020822468.1 15157395 (GT)35 87.5 100 66.67

NW_020822412.1 3775426 (TG)26 21.43 28.57 0 NW_020822469.1 3552281 (GATG)8 31.25 54.55 0

NW_020822415.1 36220614 (TC)31 91.67 92.31 57.14 NW_020822484.1 1703831 (TG)7 95.65 100 77.27

NW_020822415.1 16052939 (ACA)5 19.23 23.33 5.26 NW_020822486.1 16687223 (GT)23 21.43 22.22 0

NW_020822421.1 5779917 (TC)29 91.3 100 80 NW_020822487.1 21884245 (CT)34 89.66 96.43 80

NW_020822426.1 5559446 (GA)31 93.75 100 90.91 NW_020822487.1 17786455 (TC)30 91.67 100 87.5

NW_020822426.1 3827444 (TCT)30 71.43 72.73 55.56 NW_020822487.1 25648949 (AC)15 25 37.5 10

NW_020822426.1 1539468 (GT)22 27.27 28.57 0 NW_020822487.1 8954697 (CA)29 10 18.18 0

NW_020822428.1 1367872 (AC)26 93.75 100 85.71 NW_020822488.1 1550207 (TG)26 85.71 100 75

NW_020822428.1 8085398 (TCCT)11 16.67 27.27 0 NW_020822499.1 2670448 (TG)31 95.65 100 84

NW_020822434.1 512274 (GT)28 18.18 44.44 0 NW_020822499.1 21810339 (CT)20 35.71 56.25 0

NW_020822436.1 3837117 (AC)16 90.32 93.33 38 NW_020822499.1 16894388 (TTA)5 11.9 13.73 6.67

NW_020822439.1 68421902 (AC)29 91.67 100 83.33 NW_020822499.1 10821740 (TTGT)8 14.29 38.46 7.14

NW_020822439.1 47065858 (TC)35 84.62 94.74 80 NW_020822501.1 11357080 (GT)29 91.67 100 85.71

NW_020822439.1 62174741 (GT)23 22.22 35.48 11.11 NW_020822501.1 14044688 (TTG)7 14.29 24.32 3.33

NW_020822439.1 14184660 (AAAC)7 12 50 0 NW_020822501.1 14071142 (TTA)12 20 28.57 5.56

NW_020822439.1 66094811 (AC)24 25 28.57 0 NW_020822501.1 17408028 (TG)30 55.56 57.14 7.14

Mutation Scores (%) Mutation Scores (%)
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Table 6.3 continued 

Scaffold Position Motif 10 mM 30 mM Control Scaffold Position Motif 10 mM 30 mM Control

NW_020822503.1 10248411 (CTTT)14 22.22 25 0 NW_020822567.1 3062112 (CA)7 17.39 29.41 3.85

NW_020822503.1 4513778 (GT)14 10.53 20 0 NW_020822567.1 1362729 (GA)24 15.38 25 0

NW_020822503.1 17353421 (GT)6 22.22 25 9.09 NW_020822570.1 21823495 (TG)28 14.29 44.44 0

NW_020822504.1 9433369 (TC)30 95 100 88.89 NW_020822591.1 7123790 (TATT)6 94.44 100 80

NW_020822504.1 13319850 (TGTA)5 12.5 15.56 5.88 NW_020822591.1 7780615 (TAAA)8 33.33 37.5 0

NW_020822505.1 16324767 (CA)24 93.75 100 77.78 NW_020822591.1 14941 (GA)34 9.09 25 0

NW_020822505.1 16510213 (AC)30 85.71 87.5 77.78 NW_020822591.1 8820175 (TTAT)11 9.52 27.27 0

NW_020822505.1 10642584 (TG)27 27.27 37.5 0 NW_020822592.1 4061125 (AC)31 42.86 44.44 0

NW_020822508.1 1001369 (AC)22 90.91 100 71.43 NW_020822595.1 5415636 (CAAA)6 37.93 38.46 7.69

NW_020822508.1 2728629 (TATC)10 16.67 27.78 0 NW_020822597.1 5771854 (TG)31 88.24 94.44 75

NW_020822508.1 15865728 (GAAG)13 7.69 31.25 0 NW_020822601.1 72176322 (CA)8 91.18 100 85.71

NW_020822508.1 15865731 (GAAG)13 7.14 26.32 0 NW_020822601.1 61385941 (AC)19 21.43 22.73 0

NW_020822511.1 9568885 (TG)29 92.31 100 83.33 NW_020822602.1 6751043 (TC)30 91.67 96.55 83.33

NW_020822512.1 6724926 (TG)30 87.5 93.33 85.71 NW_020822602.1 9765422 (AATA)7 15.38 15.79 0

NW_020822519.1 6274345 (AC)25 91.67 100 84.62 NW_020822603.1 9112470 (AC)25 92.31 100 66.67

NW_020822519.1 11516391 (AG)36 15.79 37.5 0 NW_020822604.1 8845685 (GT)6 10 37.5 0

NW_020822520.1 2511201 (AC)24 20 25 0 NW_020822610.1 821820 (AC)27 31.25 41.18 10

NW_020822526.1 18794354 (AC)26 91.67 100 83.33 NW_020822614.1 8982333 (ATAG)16 13.64 13.79 0

NW_020822526.1 25646840 (CA)7 90 100 77.78 NW_020822629.1 5127703 (AG)28 12.5 20 0

NW_020822526.1 24206438 (GT)30 87.5 90 70 NW_020822629.1 6170860 (CA)22 12.5 33.33 0

NW_020822526.1 16873752 (AG)32 83.33 100 69.23 NW_020822634.1 2791562 (TC)33 95.24 100 62.5

NW_020822526.1 17494091 (AC)16 17.65 57.14 0 NW_020822638.1 3030009 (AC)21 92.31 100 58.33

NW_020822526.1 4205760 (ATGT)11 16.67 37.5 0 NW_020822698.1 6755673 (GT)27 90 100 80

NW_020822529.1 28253360 (TG)23 91.67 100 86.67 NW_020822698.1 121373 (TG)30 28.57 37.5 0

NW_020822529.1 16865510 (TC)27 42.86 54.55 0 NW_020822785.1 9557 (CA)14 14.29 75 0

NW_020822530.1 10618047 (TG)22 18.18 28.57 0 NW_020822967.1 23702 (CA)17 15.38 33.33 9.09

NW_020822531.1 6287546 (AC)27 90.91 93.75 81.82 NW_020823044.1 10660 (TTG)6 15.29 15.45 2.53

NW_020822531.1 1037419 (GT)44 45.45 50 12.5 NW_020823531.1 97528 (AG)22 11.76 15.22 5.41

NW_020822544.1 4160116 (AAC)5 22.73 60 0 NW_020823768.1 45602 (TC)26 93.75 95.83 78.95

NW_020822567.1 4418183 (TG)29 91.67 100 80 NW_020824031.1 35819 (AC)23 20 25 0

NW_020822567.1 6942408 (AC)24 25 35.29 0 NW_020824065.1 30045 (AG)6 12 14.29 4.65

Mutation Scores (%) Mutation Scores (%)
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6.5 Discussion 

Ammonia is a common metabolic waste product in cell cultures. The accumulation 

of ammonia most often leads to decreased cell and recombinant protein productivity. 

Typical fed-batch cultures last for 14 to 20 days, where in the exponential phase, cell 

division can occur daily. De novo mutations that occur early in culture will be amplified 

and have the potential to dominate the cell population as the culture approaches harvest. 

In this study, two ammonia stresses (10 mM) and (30 mM) were used to investigate the 

genotoxic effects of this byproduct on CHO cell fed-batch cultures. Further, the role of 

ammonia stress on genome instability was investigated. Despite a relatively short 

exposure duration of 72 hours, MSI loci were identified, which have the potential to be 

biomarkers for genome instability.  

 

The VCD, cell viability, and metabolic profiles indicated that the 30 mM ammonia 

stress significantly impacted the culture health, as the characteristic cell growth and 

metabolic profiles were significantly different from the control cultures. The effects of the 

10 mM ammonia stress were less profound, yet the metabolic profiles and protein 

productivity were more sensitive to these changes than the cell viability and VCD profiles. 

At the time of sampling for genetic analysis (3.5 days), VCDs for the control and 10 mM 

cultures appeared to be matched, whereas the 30 mM ammonia-stressed cultures had 

lower VCDs. The decreased consumption of alanine observed for the ammonia-stressed 

cultures was the only metabolic difference observed at sampling for the whole genome 

sequencing. Alanine metabolic changes are known to occur under ammonia stress 328. 

Therefore, the whole genome sequencing would identify changes due to the ammonia 
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stresses, and not due to potential other culture condition differences that might 

accumulate.  

 

Until now, efforts to characterize ammonia stress effects on CHO cells have mainly 

focused on transcriptome, proteome, and product characteristic changes 56,316-318,329-332. 

In this study, the effects of ammonia stress were further characterized by examining 

variants within functional genes and microsatellites. Whole genome sequencing allowed 

for variant SNPs and indels to be identified. Moreover, greater than 2,300 high or 

moderate-impact novel gene variants were identified from the ammonia-stressed cultures 

that may impact cellular functions of critical pathways. KEGG and GO enrichment 

analyses confirmed that many of the variant genes affected pathways could lead to 

suboptimal clone performance. Though thousands of variant genes were identified, this 

list was narrowed to focus on genes pertaining to pathways involved in genome stability 

(Figures 6.3 and 6.4, Table 6.1). 

 

Alterations in critical genes responsible for a wide variety of processes such as 

transcription regulation, cell cycle regulation, tumor suppression, and signaling pathways 

may lead to global genome instability. De novo genomic SNPs and indels accumulating 

is typically the result of replication errors which can result from a variety of mechanisms 

such as replication stalling 85, replication fork collapse 86,87, double-strand breaks 102,333, 

environmental stressors, transcription regulation errors, or other replication errors 334. All 

of these replication mechanisms can be linked to error correction fidelity of DNA repair 

mechanisms. These DNA repair errors, in turn, can lead to an accelerated variant 
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accumulation rates and loss of genome stability 335. Mutations, such as synonymous base 

changes in coding and regulatory regions, normally have little to no effect on gene 

transcription and translation, however, non-synonymous changes can have functional 

effects on the subsequent amino acid sequence and folding or function that ultimately can 

be linked to loss in cell viability. 

 

Through text mining approaches, 273 of the variant genes found in the CHO 

genome were linked to human orthologs; whose function are related to genome stability 

maintenance. One gene identified is exceptionally well-known for its role in double-strand 

break repair and tumor suppression, Brca1 (Table 6.1); loss of Brca1 function has been 

associated with increased breast cancer incidence and metastasis, which demonstrates 

its critical function in maintaining stability 99. Genome instability can be further 

exacerbated by the loss of tumor suppressor function. For example, Lin9 (Table 6.1) is a 

tumor suppressor that inhibits DNA synthesis and acts synergistically with the well-known 

Rb1 gene to prevent rapid, uncontrolled cell division 215. Therefore, loss of function in Lin9 

can lead to cancer-like growth of mutant cells that would eventually dominate the culture 

population.  

 

Some variant genes belonged to three significantly enriched KEGG pathways 

related to genome instability in humans - cellular senescence, cell cycle, and homologous 

recombination (Figure 6.3). Cellular senescence occurs as a result of multiple stimuli 

such as DNA damage and oxidative stress 336. By forcing the cells into a non-replicative 

state, senescence can severely limit the productivity of cell culture, especially when it 
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occurs before or in the early exponential growth phase. The 30 mM stressed cultures had 

more genes enriched in the senescence pathway (Supplemental Table S6.6), which 

makes variant genes in this pathway a likely contributor to the poor growth observed. The 

second pathway, cell cycle, was observed to have significant enrichment in union genes 

of the 10 mM and 30 mM ammonia-stressed cultures. The cell cycle contains multiple 

checkpoints to ensure daughter cells are healthy and contain undamaged DNA98,103. 

Significant enrichment in this pathway indicates that damaged or otherwise improperly 

replicated DNA could be passed on to daughter cells. Finally, the homologous 

recombination pathway repairs damage caused by double strand breaks by using an 

identical sequence as a template 337. This repair method is much more accurate than non-

homologous end joining and is less prone to variant generation 91. 

 

It should be noted that while the mismatch repair (MMR) pathway was not found 

to be significantly enriched, three notable MMR genes accumulated variants: Mlh3 (a 

MutL homolog), Rpa1, and Abl1 (Supplemental Table S6.5). An impaired or inefficient 

MMR system can lead to the accumulation of mutations in functional genes over cell 

divisions that are critical to the cell’s survival and can lead to loss of genetic stability 33 or 

disease states, such as cancer 96. The need for a highly conserved MMR system can be 

observed by the presence of multiple orthologs of MutS and MutL in eukaryotic genomes 

95. MutS binds to base mismatches or small indels 36,338 while MutL is responsible for 

communicating the identification of mismatch events to downstream elements of MMR 

such as exonucleases 339.  
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Variants in genes that regulate the MMR pathway may be an origin to the cascade 

of events that leads to genome instability. When the MMR pathway in a cell is 

compromised, mistakes can occur and propagate indiscriminately across the genome as 

cell division occurs36,95,338. Unfaithful replication of genomic repeats, such as 

microsatellite repeats, have been used as effective biomarkers in predicting certain 

diseases, such as cancer In this study, we found 1,022 microsatellites with variable repeat 

lengths in the WGS reads from ammonia stressed samples. We developed criteria and 

an approach to identify microsatellite loci that have variant length that can be attributed 

to ammonia stress. For each site, we considered read depth, mutation type, and 

frequency in affected and control samples to subset 124 candidate MSI loci that contain 

indels with a dose dependent response to the ammonia concentrations that were not 

observed in the control cultures. This set of 124 MSI loci represent a potential biomarker 

set that could have utility to predict genome instability in CHO cell cultures under stressful 

culture conditions.  

 

6.6 Conclusion 

The accumulation of metabolic wastes, such as ammonia, can have a profound 

effect on CHO cell culture viability, transcriptome, and recombinant protein productivity. 

Additionally, past work, as well as this study, have observed shifts in growth patterns and 

metabolic profiles due to the ammonia stress. Further, in this study, it was observed that 

high levels of exogenous ammonia caused de novo mutations, such as SNPs and indels, 

within functional genes. More importantly, these mutations persisted throughout the 

culture population. Variants were identified in the genes that regulate critical cellular 
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processes, such as DNA repair; which is a hallmark of genome instability. In addition to 

characterizing the microsatellite content of the Chinese hamster genome, potential MSI 

loci that exhibited unfaithful replication in the presence of exogenous ammonia were 

identified; these microsatellites could be utilized as a tool to diagnose genome instability 

in future work.
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

7.1 Conclusions 

The objective of this study was to establish the foundational knowledge of eccDNA 

structure, function, and microevolutionary dynamics for CHO cells in multiple contexts. In 

Chapter 3, eccDNA evolution was found to be highly dynamic in a tightly controlled, two-

week fed-batch culture in control and lactate-stressed conditions. Further, CHO cell 

eccDNAs were shown to be highly heterogeneous, potentially have a small impact on 

global gene expression, and may be modulated by environmental shifts. In Chapter 4, it 

was observed that eccDNA gene content was not largely impacted by PDL, but was 

greatly different between cell lines derived from the same lineage. Interestingly, eccDNA 

biogenesis was found to be more frequent in gene dense regions of the CHO genome; 

this contradicts existing evidence of eccDNAs in filamentous plant pathogens that are 

more likely to arise from repeat-dense regions of the genome potentially due to different 

drivers of genome evolution. In Chapter 5, eccDNAs were not observed to contribute to 

significant gene expression changes associated with lactate adaptation. Surprisingly, no 

gene expression changes of lactate metabolism genes were observed; however, 

differential expression of genes responsible for maintaining genome stability was 

observed. Data shown indicate that mass action, as suggested by Freund et al., is unlikely 

to be the mechanism of lactate consumption in CHO cells. It is more likely the mechanism 

behind the lactate metabolic switch is modulated by glutamine depletion and/or redox 
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balancing rather than mass action or gene expression shifts. In Chapter 6, de novo 

mutations, such as SNPs and indels, were observed in key genome instability-linked 

genes in response to an ammonia stress. Notably, a panel of microsatellite loci were 

observed to exhibit instability when cultured in ammonia-stressed conditions in a dose-

dependent manner. These microsatellites may be usable for quick biomarkers for genome 

stability in CHO cell cultures.  

 

7.2 Future Directions 

This work characterized eccDNA libraries that were generated using an economic, 

yet non-quantitative, method. Future experiments characterizing eccDNAs in CHO cell 

lines should be performed at a larger scale to have sufficient material for quantitative 

sequencing methods to better understand the abundance of specific eccDNAs. 

Establishing an efficient, quantitative eccDNA sequencing method would enable accurate 

identification of biomarkers that may be indicative of genome stability. Additionally, 

beneficial information could be gained by further study of CHO cell eccDNAs in perfusion 

cultures, in multiple host CHO cell lines, and in fed-batch culture of lactate-adapted cells. 

Studying eccDNAs of CHO cells grown in perfusion culture would allow for an 

understanding of how PDL and long-term culturing impacts the circulome and gene 

expression patterns in a tightly-controlled controlled environment. Also, by studying 

eccDNAs in multiple host CHO cell lines would provide insight to the evolution of the CHO 

genome. Understanding how cell line derivation impacts eccDNA sequence structure, 

biogenesis, and function could explain why some cell lines are more stable and identify 

engineering targets that may be useful in all CHO cell lines if eccDNA engineering is 
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pursued. While eccDNAs were not observed to have a substantial impact on gene 

expression shifts in lactate-adapted CHO cells, lactate-adapted cells should be studied in 

fed-batch cultures to characterize longer term stability. Lactate-adapted cells show a 

more rapid lactate consumption and reduced ammonia production, however 

downregulation of genome stability genes may impact stability in extended cultures.  

 

While no native eccDNAs in any species have been successfully engineered as of 

this writing, the data presented in this work provides the baseline understanding that 

would be required to engineer eccDNAs in CHO cell lines. Regions of the genome with a 

high abundance of eccDNA biogenesis may be of particular interest for generating 

recombinant cell lines. While insertion of transgenes into high biogenesis regions may not 

be ideal for stable expression, it could be desirable to attempt to circularize transgenes 

or other regulatory sequences. For instance, it may be ideal to clone a transgene into a 

stable part of the genome, while a short enhancer sequence and origin of replication are 

inserted into a region of high eccDNA biogenesis. This could increase recombinant 

protein production by generating autonomously-replicating eccDNAs harboring structures 

to enhance transgene expression.  
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Appendix B 

Chapter 3 Supplemental Figures 

 

 

Figure S3.1: Control Day 12 BP. Network diagram of significantly enriched GO biological 

process terms for the human orthologs of Chinese hamster genes detected in Control 

Day 12 samples. The small gray nodes show individual genes and larger beige nodes 

indicate GO terms. The size of the beige nodes is proportional to the number of genes 

with that GO term and the colored lines indicate the GO category for which a gene belongs 

to.
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Appendix B: Chapter 3 Supplemental Figures (continued) 

 

 

Figure S3.2: Lactate-stressed Day 12 BP. Network diagram of significantly enriched 

GO biological process terms for the human orthologs of Chinese hamster genes detected 

in Lactate-stressed Day 12 samples. The small gray nodes show individual genes and 

larger beige nodes indicate GO terms. The size of the beige nodes is proportional to the 

number of genes with that GO term and the colored lines indicate the GO category for 

which a gene belongs to.
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Appendix B: Chapter 3 Supplemental Figures (continued) 

 

 

Figure S3.3: KEGG Pathway analysis of observed eccDNA genes. Node size is 

proportional to the number of genes found in the pathway, while the node color indicates 

the pathway’s statistical significance.  
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Appendix B: Chapter 3 Supplemental Figures (continued) 

 

 

Figure S3.4: Control Day 12 eccDNA biogenesis map. Chromosome-scale heatmap 

of eccDNA sequences observed for the Control Day 12 samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red).
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Appendix B: Chapter 3 Supplemental Figures (continued) 

 

 

Figure S3.5: Lactate-stressed Day 12 eccDNA biogenesis map. Chromosome-scale 

heatmap of eccDNA sequences observed for the Lactate-stressed Day 12 samples. 

Frequency of observed eccDNA is shown in color; low (white) to high (red). 
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Appendix C 

Chapter 4 Supplemental Figures 

 

 

Figure S4.1: VRC01 PDL 10 eccDNA biogenesis map. Chromosome-scale heatmap of 

eccDNA sequences observed for the VRC01 PDL 10 samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red). 
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Appendix C: Chapter 4 Supplemental Figures (continued) 

 

 

Figure S4.2: VRC01 PDL 24 eccDNA biogenesis map. Chromosome-scale heatmap of 

eccDNA sequences observed for the VRC01 PDL 24 samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red).  
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Appendix C: Chapter 4 Supplemental Figures (continued) 

 

 

Figure S4.3: VRC01 PDL 70 eccDNA biogenesis map. Chromosome-scale heatmap of 

eccDNA sequences observed for the VRC01 PDL 70 samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red).  
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Appendix C: Chapter 4 Supplemental Figures (continued) 

 

 

Figure S4.4: VRC01 PDL 110 eccDNA biogenesis map. Chromosome-scale heatmap 

of eccDNA sequences observed for the VRC01 PDL 110 samples. Frequency of 

observed eccDNA is shown in color; low (white) to high (red). 
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Appendix C: Chapter 4 Supplemental Figures (continued) 

 

 

Figure S4.5: CHOZN PDL 20 eccDNA biogenesis map. Chromosome-scale heatmap 

of eccDNA sequences observed for the CHOZN PDL 20 samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red). 
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Appendix C: Chapter 4 Supplemental Figures (continued) 

 

 

Figure S4.6: CHOZN PDL 35 eccDNA biogenesis map. Chromosome-scale heatmap 

of eccDNA sequences observed for the CHOZN PDL 35 samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red). 
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Appendix C: Chapter 4 Supplemental Figures (continued) 

 

  

Figure S4.7: CHOZN PDL 90 eccDNA biogenesis map. Chromosome-scale heatmap 

of eccDNA sequences observed for the CHOZN PDL 90 samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red). 
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Appendix D 

Chapter 5 Supplemental Figures 

 

 

Figure S5.1: Unadapted eccDNA biogenesis map. Chromosome-scale heatmap of 

eccDNA sequences observed for the unadapted samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red). 
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Appendix D: Chapter 5 Supplemental Figures (continued) 

 

 

Figure S5.2: 30 mM-adapted eccDNA biogenesis map. Chromosome-scale heatmap 

of eccDNA sequences observed for the 30 mM-adapted samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red). 
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Appendix D: Chapter 5 Supplemental Figures (continued) 

 

 

 

Figure S5.3: 60 mM-adapted eccDNA biogenesis map. Chromosome-scale heatmap 

of eccDNA sequences observed for the 60 mM-adapted samples. Frequency of observed 

eccDNA is shown in color; low (white) to high (red). 
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Appendix D: Chapter 5 Supplemental Figures (continued) 

 

 

 

Figure S5.4: edgeR clusters of genes differentially expressed in 30 mM-adapted 

samples relative to other conditions. A) 868 genes with lower expression in 30 mM-

adapgted samples. B) 201 genes with greater expression in 30 mM-adapted samples. 30 

mM-adapted replicates are shown on the left-most side of the x-axis.   
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