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ABSTRACT OF THE DISSERTATION 
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 Since the first reported generation of induced pluripotent stem cells (hiPSCs) 

from human somatic cells, the stem cell field has emerged as a promising avenue for 

both modeling and treating diseases1,2. The difficulty in obtaining primary cell cultures 

has hindered the progress of disease research. Since patient-specific hiPSCs can be 

derived from accessible sources, such as dermal fibroblasts, and can differentiate into 

specialized cell types, it is possible to generate a substantial quantity of these patient-

specific cells to overcome this obstacle3,4. Furthermore, recent advances in genetic 

modification of hiPSCs make the goal of autologous cell transplantation even more 

attainable.  
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However, there are still numerous obstacles, such as genomic instability, that impede 

the translation of stem cell technology to clinical applications. 

 

Nucleoside supplementation restores dNTP pools and alleviates genomic instability in 

hiPSCs 

 hiPSCs acquire genetic alterations, such as aneuploidy, through the 

reprogramming process and extensive passaging, jeopardizing their translation to 

clinical applications. We report that hiPSCs have an imbalance of deoxynucleotide 

triphosophate (dNTP) pools, which are required for DNA synthesis, potentially inducing 

replicative stress in hiPSCs. Additionally, hiPSCs exhibit higher levels of double-

stranded breaks, indicating greater incidence of DNA damage. We demonstrate that 

genomic damage in hiPSCs can be alleviated when the cells are cultured with 

exogenous nucleosides, utilizing the cell’s nucleotide salvage pathway (NSP) to 

augment endogenous dNTP pools.  

 

Restoring ureagenesis in hepatocytes by CRISPR/Cas9-mediated genomic addition to 

arginase-deficient induced pluripotent stem cells 

 Urea cycle disorders are incurable enzymopathies that affect nitrogen 

metabolism and typically lead to hyperammonemia. Arginase deficiency results from a 

mutation in Arg1, the enzyme regulating the final step of ureagenesis and typically 

results in developmental disabilities, seizures, spastic diplegia, and sometimes death. 

Current medical treatments for urea cycle disorders are only marginally effective, and 

for proximal disorders, liver transplantation is effective but limited by graft availability.  
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Advances in human induced pluripotent stem cell research have allowed for the genetic 

modification of stem cells for potential cellular replacement therapies. We demonstrate 

a CRISPR/Cas9-based strategy utilizing exon 1 of the hypoxanthine-guanine 

phosphoribosyltransferase (HPRT) locus to genetically modify and restore arginase 

activity, and thus ureagenesis, in genetically distinct patient-specific human induced 

pluripotent stem cells and hepatocyte-like derivatives. Successful strategies restoring 

gene function in patient-specific human induced pluripotent stem cells may advance 

applications of genetically modified cell therapy to treat urea cycle and other inborn 

errors of metabolism. 
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Introduction to the thesis 

 Since the first reported generation of induced pluripotent stem cells (hiPSCs) 

from human somatic cells independently by the labs of Shinya Yamanaka of Kyoto 

University and James Thomson of the University of Wisconsin-Madison in 2007, the 

stem cell field has emerged as a promising avenue for both modeling and treating 

various diseases1,2. Whereas the difficulty in obtaining certain primary cell cultures has 

hindered the progress of disease research, the ability to derive hiPSCs from human 

dermal fibroblasts and differentiate them into various specific cell types, such as 

neurons and hepatocytes, provide the advantage of generating a substantial quantity of 

these patient-specific cell types to overcome this obstacle3,4.. In 2013, the RIKEN 

Center for Developmental Biology announced the first pilot clinical study using hiPSCs 

as a cell-replacement therapeutic by transplanting autologous hiPSC-derived retinal 

pigment epithelium (RPE) cells into patients suffering from age-related macular 

degeneration (AMD), thus highlighting the progress of translating hiPSC technology to 

clinical applications and advancing personalized medicine5. 

 Advancements in genetic engineering utilizing clustered regularly interspaced 

short palindromic repeats (CRISPR)/ Cas9 system has made the ability to modify and 

correct patient-specific disease hiPSCs more efficient6,7,8,9. The CRISPR/Cas9 system 

is inspired by the prokaryotic immune system in which foreign genetic elements are 

recognized by CRISPR spacers and are excised out of the bacterial genome10. Custom 

spacer sequences can be transcribed into short RNA sequences and can guide the 

CRISPR system to matching DNA sequences in human cells and cut those DNA 

strands with a Cas9 endonuclease, allowing for genes to either be removed or
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added6,11. The CRISPR/Cas9 system offers the most efficient method to target specific 

DNA sequences in human cells; that system, combined with stem cells, further 

advances the potential of autologous cell therapies by allowing us to genetically correct 

disease phenotypes in patient-specific hiPSCs and derivatives. Recent studies have 

demonstrated successful CRISPR/Cas9-mediated correction of hiPSC-derived neural 

cells, muscle cells, and hepatocyte cells8,12,13. 

 Despite the potential of hiPSCs to revolutionize biomedical research and 

medicine, there are still numerous obstacles, such as genomic instability, 

immunogenicity, and tumorigenicity of hiPSCs, which raise questions concerning the 

safety of hiPSCs for autologous cell transplants. Genomic instability is a common 

occurrence in pluripotent stem cells, having first been observed in human embryonic 

stem cell (hESC) lines. Common genomic abnormalities that have been observed in 

hiPSCs and hESCs include development of chromosomal aneuploidies, copy number 

variations (CNV), loss of heterozygosity (LOH), and gene deletions14,15. Although the 

impact that genomic instability of hiPSCs has on safety for autologous cell 

transplantations is debated, certain mutations are potentially tumorigenic, therefore 

negating any beneficial clinical purpose that they may serve.  

 In the following studies, we aim to address two areas of need in the stem cell 

field: first, to investigate the causes of genomic instability in hiPSCs, and second, to 

develop methods to efficiently and safely modify hiPSCs to correct for single enzyme 

disorders. The results of these studies will hopefully contribute to the advancement of 

stem cell research to clinical applications. 
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Chapter 1: Nucleoside supplementation restores dNTP balance and alleviates 

genomic instability in hiPSCs  

 

Introduction     

 There are three conditions under which hiPSCs can acquire mutations: from pre-

existing mutations in the parental cells, through the reprogramming, and during long-

term in-vitro culture14,15,16. Commonly used protocols for reprogramming human somatic 

cells into hiPSCs require the “Yamanaka factors,” which include the oncogenes cMyc 

and Klf4. Oncogenes have been shown to induce genomic instability in cancer cell lines 

via elevating levels of DNA replication stress and damage, use of cMyc and Klf4 in the 

reprogramming process potentially promotes genomic aberrations such as CNVs in 

hiPSCs post-reprogramming17. Additionally, culture-mediated selection pressures that 

lead to genomic instability in hiPSCs are not attributable to one factor alone; rather, the 

instability is a result of various independent or a combination of factors. Potential culture 

stresses that may affect the genomic stability of hiPSCs include: oxygen tension, 

mechanical versus enzymatic passaging, basement membrane matrix, and media 

components such as growth factors18. After reprogramming human somatic cells into 

hiPSCs, the cell cycle profile of stem cells is dramatically altered. Unlike differentiated 

cells, which spend around 40% of the cell cycle in G1 phase, hiPSCs and hESCs have 

a shortened cell cycle, spending approximately 15% of their in G1 and 65% in S 

phase19,20,21. The shortened cell cycle maintains the self-renewal capabilities of 

pluripotent stem cells, which regulates pluripotency downstream19. Therefore, due to the 

accelerated cell cycle in hiPSCs, the cellular DNA replication machinery may encounter
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issues in balancing successive rounds of replication and DNA damage repair at high 

fidelity, leading to an increase of double-stranded DNA breaks (DSBs). Additionally, 

given that the endogenous replication machinery of hiPSCs has to account for the 

accelerated rounds of DNA replication, hiPSCs may have a higher sensitivity to 

exogenous pressures from culture adaptation.  

 The current focus on genomic instability in stem cells is on both detection and 

prophylactic solutions. Basic detection methods include karyotype analysis and 

fluorescence in situ hybridization (FISH), both of which reveal chromosomal number 

and structural changes in hiPSCs22. Karyotype analysis and FISH are useful to detect 

the presence of both inter-chromosomal rearrangements and gains and losses of 

chromosomes. In order to detect subchromosomal alterations such as point mutations 

and deletions, higher resolution methods are necessary. Comparative genomic 

hybridization (CGH) and single nucleotide polymorphism (SNP) arrays directly measure 

DNA content and are able to detect changes on the exon level23. These high-resolution 

methods can be used to detect changes in CNVs and LOH as well as changes in gene 

expression in hiPSCs after reprogramming and long-term culture. However sequencing 

methods, despite increased sensitivity, are expensive and require extensive time to 

draw conclusions from the data. Even though characterization of genomic aberrations is 

vital to understanding genomic instability in hiPSCs, given the genomic heterogeneity of 

a hiPSC population at any given point in culture, it would be difficult to target any one 

specific mutation. Recently, emerging research has turned to media supplementation to 

alleviate levels of DNA damage in hiPSCs while in culture. While small molecules are 

commonly used in stem cell culture to prevent apoptosis or enhance cell growth, two
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 recent and independent studies have supplemented culture medium with antioxidants 

during reprogramming and culture24,25. hiPSCs grown in antioxidant-supplemented 

media had lower levels of DSB markers γH2AX and 53BP1, suggesting a protective 

effect from reactive oxygen species (ROS) that are elevated during reprogramming and 

culture26. However, despite a decrease in CNVs and DNA damage with antioxidant 

supplementation, other genomic abnormalities such as point mutations still occur, 

suggesting that there are multiple sources of genomic instability in hiPSCs. 

 The goal of this first aim is to investigate the role of replication-stress induced 

nucleotide deficiency on promoting genomic instability in hiPSCs and the use of 

nucleoside supplementation to alleviate DNA damage in stem cells. Since cell cycle is 

accelerated and DNA damage checkpoints are altered post-reprogramming in hiPSCs 

compared to parental fibroblasts, it is conceivable that replication stress plays a role in 

heightened DNA damage in the stem cells. In cancer cells, chromosomal abnormalities 

are attributed to replication stress-induced DNA damage and an insufficient pool of 

nucleotides to support normal replication and maintenance of genomic integrity27. 

Supplementation of a defined nucleoside cocktail rescues endogenous nucleotide pools 

in cancer cells, leading to decreased DNA damage and increased genomic stability. 

Additionally, it has recently been demonstrated that supplementation with a 

commercially available ribonucleoside cocktail can alleviate DNA damage during 

reprogramming28. It has, however, not been reported if stem cells also have lower 

endogenous nucleotide pools as a result of altered cell cycle kinetics and if 

supplementation with nucleosides can alleviate DNA damage during in-vitro culture. We 

demonstrate that reprogramming somatic cells into hiPSCs causes a reduction of
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endogenous deoxynucleotide (dNTP) pools, which are essential for maintaining DNA 

replication and repair. The decline in dNTP pools potentially contributes to the 

heightened incidence of DNA double-stranded breaks (DSBs) due to replication stress 

in hiPSCs. Furthermore, supplementation of culture media with a defined cocktail of four 

deoxyribonucleosides (dNs) significantly recovers endogenous dNTP pools and reduces 

incidence of DSBs in hiPSCs, indicating a potential tool to prevent genomic instability in 

stem cells. 

 

Materials and Methods 

hiPSC and dermal fibroblast cell culture 

xcHUF1, mRNA-BJ, and AD1 hiPSCs were grown in feeder-free conditions 

consisting of reduced growth factor Matrigel (BD Biosciences, San Jose, CA) and a 

50:50 mix of mTeSR1 media (StemCell Technologies, Vancouver, BC, Canada) and 

Nutristem (Stemgent, San Diego, CA) supplemented with 1x Primocin (InvivoGen, San 

Diego, CA) and 10 mm bFGF (Biopioneer, San Diego, CA). Cells were passaged every 

4 days using a disposable STEMPRO EZ passage tool (Thermo Fisher, Waltham, MA) 

by cross-hatching uniform pieces and transfering to a freshly-coated Matrigel plate. For 

putative clinical-grade conditions, CELLstart (Thermo Fisher) was used in place of 

Matrigel and prepared per manufacturer’s instructions. Clinical-grade hiPSCs were 

cultured in xeno-free Nutristem supplemented with 1x Primocin and 10 mM bFGF. All 

procedures were approved by the Institutional Review Board (IRB #13-001469-AM-

00002) and the Embryonic Stem Cell Research Oversight (ESCRO) (ESCRO #2010-
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010-04A) Committee of the University of California, Los Angeles and informed consent 

was documented from patients. 

Dermal fibroblasts were cultured in complete DMEM/F-12 media comprised of 

DMEM nutrient mixture/F-12, 10% fetal bovine serum (FBS), 1x minimum essential 

medium non essential amino acid, 1x Glutamax, and 100 IU/ml penicillin-streptomycin 

(all from Invitrogen, Grand Island, NY). Fibroblasts were passaged with 0.05% trypsin-

ethylenediamine tetraacetic acid (Invitrogen). 

 

Deoxyribonucleoside supplement formulation 

Deoxyribonucleoside supplement was prepared by resuspending 2’-

deoxycytidine and thymidine (Sigma-Aldrich, St. Louis, MO) in water and 2’-

deoxyadenosine monohydrate and 2’-deoxyguanosine monohydrate (Sigma-Aldrich) in 

DMSO. Stock solutions were stored in -80°C. Stock nucleoside solutions were further 

diluted in aliquots of culture media and stored at -80°C. Each day, these stocks were 

thawed and added to pre-warmed culture medium to reach final appropriate 

concentrations before adding to cell cultures. For the candidate dN cocktails, the 

concentrations tested were: A (30 µM dC, 30 µM dA, 30 µM dT, 30 µM dG); B (30 µM 

dC, 30 µM dA, 5 µM dT, 5 µM dG); C (30 µM dC, 5 µM dA, 5 µM dT, 5 µM dG); D (5 µM 

dC, 5 µM dA, 5 µM dT, 5 µM dG); and E (5 µM dC, 1 µM dA, 1 µM dT, 1 µM dG). 

 

γH2AX immunofluorescence 

hiPSCs were plated on Matrigel-coated 12mm circular glass coverslips (Neuvitro, 

Braunschweig, Germany). Cells were washed in 1x PBS and fixed with 4% 
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paraformaldehyde (Polysciences, Warrington, PA). Samples were permeabilized in 1% 

Triton X-100 (Sigma-Aldrich) for 1 hour at room temperature then blocked with 5% goat 

serum (Sigma-Aldrich) in PBS for 1 hour at room temperature. Primary γH2AX antibody 

(Cell Signaling Technology, Danvers, MA) was diluted 1:400 in blocking buffer and 

incubated overnight at 4°C. After primary incubation, cells were washed 3x for 5 

minutes each with PBS. Goat anti-Mouse IgM Alexa Fluor 488 (Life Technologies, 

Carlsbad, CA) was diluted 1:500 in blocking buffer and incubated for 45 minutes at 

room temperature. After secondary antibody incubation, cells were washed 3x for 5 

minutes each with PBS, and incubated with 1x DAPI (Thermo Fisher) for 7 minutes 

followed by 2x 3 minute PBS washes. Coverslips were mounted on slides and 

fluorescence images were captured and processed with an Axiocam MR Monocolor 

Camera and Axiovision Digital Image Processing Software (Carl Zeiss, Jena, Germany). 

 

γH2AX foci quantification 

Images of the samples were taken in a blinded manner to avoid bias. For data 

collection, 50 nuclei per sample were counted and images were blind quantitated by 

three different people. Only nuclei that contained 3 or more foci were considered 

damaged, and nuclei that had high fluorescence but no distinct foci were considered 

apoptotic and therefore not included in the final analysis. 

 

dNTP enzymatic assay 

The protocol was adapted from Mathews et al., 2009. Cells were plated and 

cultured for 4 days to 60% confluency. Cells were harvested and 1x106 cells were
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collected, washed with cold PBS, and centrifuged at 80 g for 10 minutes. The 

supernatant was then aspirated, and the pellet resuspended in 60% methanol and 

vortexed on high for 1 minute. The suspension was placed at -20°C overnight. Samples 

are then boiled for 2 minutes, placed on ice for 15 minutes, then centrifuged at 1,200 g 

for 10 minutes. The supernatant was collected and transferred to new tubes and 

centrifuged again at 17,000 g for 10 minutes. The resulting supernatant was transferred 

to new microcentrifuge tubes (Sigma-Aldrich) with pre-punctured holes on top and the 

extract dried for 8 hours using a Speed-Vac (Thermo Scientific). The extract was 

resuspended in 100 ml of nuclease free water. 

For the enzymatic assay, a master mix was prepared with 10x Buffer 2 (New 

England BioLabs, Ipswich, MA), nuclease free water, 50 mM oligonucleotide template, 

Klenow Fragment DNA polymerase (New England BioLabs), and [3H]dTTP (Moravek 

Biochemicals, Brea, CA). Sequences for the oligonucleotide templates for dCTP, dTTP, 

dATP, and dGTP used are detailed in Mathews et al., 2009. 20 ml of master mix and 5 

ml of the sample extract were mixed into a 96-well V-bottom plate (Thermo Fisher) and 

centrifuged to mix samples. Reactions were incubated at 37°C for 2 hours to allow 

reactions to go to completion. 15 ml of each reaction was spotted on a 15 mm Whatman 

filter paper (Sigma Aldrich), placed in a scintillation vial and fluid, and measured in a 

Beckman Model LS 6500 Scintillation Counter System (Beckman Coulter, Brea, CA). All 

experiments were performed in triplicate.  

 

hiPSC growth rate calculation
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Areas of hiPSC colonies were measured and tracked using the Axiovision Digital 

Image Processing Software (Carl Zeiss) and recorded daily. Growth rate was measured 

by compiling colony growth ratios, calculated by dividing the area of a hiPSC colony 

with the area of the previous day. Growth rates for individual dNs and triple dN 

supplements were normalized to the initial day. For the final candidate dN growth rate 

measurements, we measured colony areas at 24 and 48 hours and calculated growth 

ratios. 

 

Karyotype analysis 

hiPSCs were cultured to 95% confluency in 25 cm2 flasks and delivered for G-

band karyotyping analysis (Cell Line Genetics, Madison WI). 

 

Statistical Analysis 

 All collected data was analyzed with the SPSS (Armonk, NY) statistical package 

(Version 21.0). Results were expressed as mean ± standard deviation (SD) and p-

values were determined using an unpaired two-tailed t-test to examine significance 

between comparisons. Error bars represent SD. 

 

Results 

hiPSCs have lower dNTP pools and elevated incidence of DNA damage  

Recent studies have demonstrated that hiPSCs undergo significant replication 

stress (RS) during reprogramming and cell culture and are highly susceptible to DNA 

damage-induced apoptosis15,16,28,29. RS is a form of DNA damage that is caused by
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misregulation of ataxia telangiectasia and Rad3-related (ATR) and checkpoint kinase 1 

(CHK1) kinases and stalled replication forks28. The destabilization of replication forks 

caused by insufficient dNTP pools can lead to DSBs. Overexpression of CHK1, a key 

serine/threonine kinase required for checkpoint-mediated cell cycle arrest and activation 

of DNA damage repair mechanisms, can reduce reprogramming-induced replication 

stress on hiPSCs30,31. To measure incidence of DNA damage, we analyzed the levels of 

H2AX phosphorylation (γH2AX), a marker of DSBs, in hiPSCs, derived in our lab, and 

compared those levels to their parental dermal fibroblasts. Specifically, we included two 

lines derived with an integrating lentiviral cassette (xcHUF1 and AD1) and one line 

derived via non-integrating mRNA transfection (mRNA-BJ). Both reprogramming 

methodologies delivered the Oct4, Sox2, Klf4 genes and the oncogene cMyc. To 

compare incidence of DSBs between hiPSCs and fibroblasts, we performed 

immunocytochemistry for γH2AX and quantified the number of damaged nuclei 

(determined as ≥3 γH2AX foci per nuclei) among a population of 50 blinded cells. 

Compared to parental dermal fibroblasts, xcHUF1, mRNA-BJ, and AD1 hiPSCs all 

demonstrated a higher number of γH2AX-positive nuclei per 50 cells (Figure 1-1). These 

data suggests that hiPSCs, regardless of reprogramming method, have higher 

incidence of endogenous DNA damage compared to their parental somatic cells post-

reprogramming. 

While the causes of RS are not clearly understood, RS has been linked to 

insufficient levels of endogenous deoxynucleotides needed to maintain proper DNA 

replication and repair in cancer cell lines27,32,33. Due to similarities between stem cells 

and cancer cells, namely the ability to self-renew and form teratomas, we measured
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levels of endogenous deoxynucelotide (dNTP) pools in hiPSCs and parental dermal 

fibroblasts. A enzymatic assay, designed to quantify endogenous cellular dNTP levels, 

revealed that xcHUF1, mRNA-BJ, and AD1 hiPSC lines had significantly lower levels of 

deoxycytidine triphosphate (dCTP), thymidine triphosphate (dTTP), deoxyadenosine 

triphosphate (dATP), and deoxyguanosine triphosphate (dGTP) compared to parental 

dermal fibroblasts (Figure 1-2). Notably, the lower pools and higher incidence of DSBs 

in the mRNA-BJ line demonstrate that, though integration and residual exogenous 

expression of the oncogene cMyc may play a role in RS in the xcHUF1 and AD1 lines, 

decreased levels of dNTP pools may be an inherent characteristic of hiPSCs regardless 

of reprogramming methology and may play a significant role in observed genomic 

instability.  

 

Candidate deoxyribonucleoside supplements do not cause significant long-term toxicity 

to hiPSCs  

Mammalian cells maintain and synthesize a proper balance of dNTPs by using 

either the de novo pathway (DNP) or the nucleotide salvage pathway (NSP)34. The NSP 

produces dNTPs by recycling degraded bases and nucleosides from the extracellular 

environment and converting them back into nucleotides for DNA synthesis. Recent 

studies have demonstrated that by supplementing culture media with exogenous 

ribonucleosides, stem cells can utilize their cellular NSP both to increase proliferation 

rates as well as to alleviate DNA damage and copy number variations (CNVs)31,35. 

Therefore, as conventional hiPSC culture media does not contain nucleotides for NSP 

use, we sought to develop and optimize a deoxyribonucleoside-based supplement (dN)
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in order to investigate and further enhance its effect on restoring dNTP pools and 

alleviating DNA damage in hiPSCs. First, we measured toxicity of individual dNs on 

xcHUF1 hiPSCs by culturing the cells over 2 passages in 5 different conditions: vehicle, 

30 µM deoxycytidine (dC), 30 µM thymidine, 30 µM deoxyguanosine (dG), or 30 µM 

deoxyadenosine (dA). After 8 days of dN supplementation, hiPSC colony growth rate 

decline compared to the vehicle control. Notably, supplementation of 30 µM dT and dG 

led to the most significant short-term toxicity (Figure 1-3); high concentrations of dT can 

interrupt the dNTP metabolism pathway and arrest cells in S-phase. Since all four dNs 

are required to maintain balanced dNTP pools, but not necessarily in equimolar 

concentrations, we aimed to optimize the final cocktail composition by culturing hiPSCs 

with different combinations comprised of equimolar concentrations of three dNs over 8 

days. Cells that were treated with a supplement condition without dC had an average 

growth rate that was around 2x slower than the control and other conditions (Figure 1-

3). Furthermore, the vehicle condition maintained the highest growth rate, suggesting 

that an equimolar concentration of all 4 dNs were not optimal. 

With the data gathered from the short-term growth rate and toxicity experiments, 

we tested 5 supplement conditions, each containing varying concentrations of each of 

the 4 dNs, over a long-term period of 30 days. Using the toxicity data from the individual 

and triple dN experiments, we created 5 supplements that contained a greater 

concentration of dC and dA and lowered concentrations of dT and dG to minimize long 

term toxicity but still exogenously supply all four dNs. Measurements recorded at 24 

hours, 4 days, and 30 days showed no significant long-term day-to-day toxicity in any of 

our supplement conditions compared to the vehicle control (Figure 1-
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4). Supplement B (30 µM dC, 30 µM dA, 5 µM dT, 5 µM dG) increased xcHUF1 hiPSC 

growth rate compared to vehicle at the end of 30 days; furthermore, hiPSCs cultured 

with dN supplement B showed the greatest decrease in γH2AX-positive nuclei in 

xcHUF1 hiPSCs, reducing incidence by ~30%, p < 0.0001 (Figure 1-6). Therefore, we 

selected supplement B as the primary candidate for subsequent experimental studies.  

 

Deoxyribonucleoside supplementation recovers dNTP pools and alleviates DNA 

damage in hiPSCs 

After optimization of our nucleoside cocktail in xcHUF1 hiPSCs, we expanded 

our investigation of its effect on dNTP pools and DNA damage to include mRNA-BJ and 

AD1 hiPSCs. After two weeks of culture, hiPSCs cultured with supplement B exhibited a 

recovery of endogenous levels of dCTP, dTTP, dATP, and dGTP levels (Figure 1-5). dN 

supplement B also significantly reduced incidence of DSBs in mRNA-BJ and AD1 

hiPSCs after a two week treatment compared to vehicle, demonstrating the 

supplement’s applicability and efficaciousness across multiple independently-derived 

lines (Figure 1-7). Use of our dN supplement also resulted in a greater reduction 

γH2AX-positive nuclei in hiPSCs compared to a ribonucleoside supplement, suggesting 

that dNs provide a greater effectiveness in preventing RS-induced genomic instability 

(data not shown). 

Lastly, as one of the goals of stem cell research is to translate the technology to 

clinical applications, it is essential to convert hiPSCs to xeno-free clinical-grade culture 

conditions36. However, this conversion process induces a considerable amount of strain 

and selective pressure on hiPSCs, which increases the chance of developing significant
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genomic alterations. Supplementation of exogenous ribonucleosides reduces the 

number of CNVs in hiPSCs and prevents aneuploidy in cancer lines31,37. Therefore, we 

investigated if supplementation of hiPSCs with dNs could prevent the sporadic 

development of aneuploidy. We tested vehicle and supplement B conditions, with three 

subclones per condition, and observed that after two months of culture and conversion 

to clinical-grade conditions, all lines maintained normal karyotype. However, all three 

unsupplemented hiPSCs showed signs of non-clonal chromosomal aberrations 

(NCCAs), while only one supplemented line exhibited any NCCAs (Figure 1-8). Until 

recently, NCCAs have been regarded as genetic “noise;” however, additional research 

is interpreted to suggest that they may play a larger role in cellular heterogeneity and 

cellular adaptation to stress38. Therefore, since detecting aneuploidy is not a sufficient 

metric to investigate the effect of nucleoside supplementation on preventing stress-

induced genomic damage, further studies are needed to measure changes in small-

scale genomic alterations.  

 

Discussion 

In this study, we 1) identified an imbalance of dNTP pools as a key contributor to 

genomic instability in hiPSCs and 2) developed a novel deoxyribonucleoside-based 

supplement that could be used to treat hiPSC lines to augment dNTP pools and 

alleviate endogenous DNA damage. While the reason for lowered dNTP pools in 

hiPSCs still needs to be elucidated, it is evident from our data that RS-induced DNA 

damage could be a result of altered cell cycle kinetics and lowered nucleotide pools, 

leading to an insufficient supply of dNTPs to maintain DNA replication and repair.
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Furthermore, by augmenting endogenous dNTP pools utilizing the hiPSCs’ nucleoside 

salvage pathway, we can reduce incidence of DNA damage, and potentially the 

development of long-term genomic instability in culture.  

Genomic instability in hiPSCs is a complex issue that is not well understood and 

can have severe implications in the translation of the technology to therapeutic 

applications. Our study focuses on only one possible avenue to explore by investigating 

the role of endogenous nucleotide pools in RS-induced DNA damage in hiPSCs and 

provides a safe, universally applicable solution that can be used to aid in preventing 

genomic instability. Further investigation is needed to test the effect of our dN 

supplement on reprogramming and differentiating hiPSCs. RS decreases 

reprogramming efficiency and both overexpression of CHK1 and supplementation with 

ribonucleosides can counterbalance the effects of RS31. Since we have demonstrated 

that deoxyribonucleosides are more effective than ribonucleosides in alleviating DNA 

damage in vitro, if dNs can further increase reprogramming or differentiation efficiency, 

our studies would provide a universally-applicable culture-based tool that can prevent 

genomic instability in hiPSCs without genetically modifying any hiPSC lines. 
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Figure 1-1 γH2AX expression and dNTP levels in xcHUF1, mRNA-BJ, and AD1 hiPSCs 

(A) Visual comparison and quantification of γH2AX-positive nuclei in xcHUF1, mRNA-BJ, and AD1 

hiPSCs (n=50). γH2AX foci were detected via immunofluorescence and three blind counts were 

performed to eliminate bias. Data are represented as means ± SD. **p<0.05 unpaired two-tailed t-

test.  
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Figure 1-2.   dNTP levels in dermal fibroblasts and hiPSCs 

Quantification of endogenous deoxycytidine triphosphate (dCTP), thymidine triphosphate (dTTP), 

deoxyadenosine triphosphate (dATP), and deoxyguanosine triphosphate (dGTP) in xcHUF1, 

mRNA-BJ, and AD1 hiPSC and fibroblasts (n=9). Data are represented as means ± SD. **p<0.05 

unpaired two-tailed test..  
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Figure 1-3.   Optimization of deoxyribonucleoside supplement 
(Top) Growth rate of xcHUF1 hiPSCs cultured in individual dN conditions for 8 days (2 

passages). Areas of hiPSC colonies (n=20) were normalized to day 5 and growth rates are 

represented by the ratio of colony areas. Data are represented as means ± SD. **p<0.05 

unpaired two-tailed t-test compared to the colony area size in day 5. (Bottom) Growth rate of 

xcHUF1 hiPSCs grown with different equimolar (30 mM) combinations of three dNs for 8 days 

(2 passages). Areas of hiPSC colonies (n=20) were normalized to day 5 and growth rates 

were calculated as ratios of areas. Data are represented as means ± SD. **p<0.05 unpaired 

two-tailed t-test compared to the colony area size in day 5. 
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Figure 1-4. hiPSC growth rates with 5 candidate dN supplements 
Growth rates of xcHUF1 hiPSCs (n=20) cultured with one of five candidate dN supplement 

conditions are represented in boxplots. Boxes show the median, 25th, and 75th percentiles, 

error bars represent the 10th and 90th percentiles. Measurements were taken 48 hours post-

plating and were normalized to the colony area 24 hours post-plating. 
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Figure 1-5. Recovery of dNTP pools with deoxyribonucleoside supplementation 

Quantification of dNTP pools in hiPSCs after two weeks of daily supplementation with 

deoxyribonucleosides and comparison to parental fibroblasts and unsupplemented hiPSCs 

(n=9). Data are represented as means ± SD. **p<0.05 unpaired two-tailed test. 
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Figure 1-6. dN supplementation lowers levels of γH2AX in xcHUF1 hiPSCs 

(Top) Immunofluorescence of γH2AX foci in unsupplemented and supplemented hiPSCs. 

hiPSCs for both conditions were cultured simultaneously and the supplemented condition was 

treated daily. (Bottom) Quantification and comparison of γH2AX-positive nuclei for xcHUF1 

hiPSCs (n=50) across 5 different supplement formulations. Samples were stained after 30 

days and nuclei were counted by three independent blinded tests. Data are represented as 

means ± SD. **p<0.05 unpaired two-tailed t-test and compared to vehicle. 
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Figure 1-7. Supplementation lowers γH2AX levels in mRNA-BJ and AD1 hiPSCs 

Quantification of gH2AX-positive nuclei in mRNA-BJ and AD1 hiPSCs after a two-week 

treatment with dN Supplement B. Three blind counts were performed to quantify nuclei. Data 

are represented as means ± SD. **p<0.05 unpaired two-tailed t-test. 
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Figure 1-8. dN supplementation reduces NCCAs in hiPSCs after conversion to putative 
clinical-grade culture conditions 

Karyotype analysis of xcHUF1 hiPSCs after conversion to putative clinical-grade culture 

conditions with or without dN supplement. Three subclones of each condition were analyzed. 
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Chapter 2: Restoring ureagenesis in hepatocytes by CRISPR/Cas9-mediated 

genomic addition to arginase-deficient induced pluripotent stem cells 

 

Introduction     

 
Urea cycle disorders (UCDs) are rare enzymopathies with an incidence of 

1:35,000 births resulting in approximately 113 new cases per year in the United 

States39. They are a significant cause of inherited hyperammonemia and afflicted infants 

and newborns are at substantial risk of recurrent brain injury and death. Excessive 

plasma ammonia is neurotoxic, resulting in central nervous system injury including 

intellectual disabilities, seizures, loss of psychomotor function with continued nitrogen 

vulnerability39,40,41,42,43. UCDs result from a deficiency in one of six hepatic enzymes and 

two mitochondrial transporters that regulate nitrogen metabolism and urea production 

and are typically classified as an inborn errors of metabolism39,40,41,43. 

Hyperargininemia, or arginase deficiency, is an autosomal recessive disorder 

that affects the final step of the urea cycle. Patients who exhibit hyperargininemia 

typically present after the neonatal period with spasticity, seizures, spastic diplegia, and 

developmental regression, differing from the other urea cycle disorders40,44,45,46. 

Arginase 1 (Arg1) is primarily located in the liver, hydrolyzing arginine to urea while 

regenerating ornithine to continue the cycle45,46. Loss of Arg1 activity results in an 

inability to remove nitrogen from arginine, but rarely causes symptoms of 

hyperammonemia. Instead, the cause of the pathogenesis of neurological deterioration 

in arginase deficiency is not known and is thought to be due to unique biochemical 

abnormalities such as elevated guanidino compounds, nitric oxide, or glutamine43,46,47,48.
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As there is no completely effective treatment for urea cycle disorders, the mainstay of 

therapy is dietary protein restriction, with emergency treatments for hyperammonemia 

consisting of dialysis, hemofiltration and intravenous administration of nitrogen 

scavenging drugs40. Chronic therapy is minimally effective in reducing plasma ammonia 

while control of hyperargininemia may delay the onset of symptoms but may not 

ultimately prevent the progressive and relentless nature of neurocognitive decline44,46. 

Liver transplantation is the extreme alternative to conventional therapies to prevent 

progression of neurological injury in UCD patients. However, the demand for liver 

donors far exceeds the supply, and other avenues, such as genetic modification and 

cell replacement therapy, need to be explored to treat these disorders. 

Since the demonstration that human induced pluripotent stem cells (hiPSCs) 

could be reprogrammed from fibroblasts with four transcription factors (Oct4, Sox2, Klf4, 

and cMyc), hiPSCs have emerged as a potential avenue for patient-specific disease 

modeling and development of therapy49,50,51,52,53. Whereas the difficulty in obtaining 

primary cell cultures previously hindered progress of disease research, the ability of 

patient-specific hiPSCs to differentiate into genetically similar somatic cell types of 

various lineages, such as hepatocytes, allows for the generation of a substantial 

quantity of patient-specific cells54,55. These hiPSC-derived hepatocytes express liver-

specific markers such as albumin (ALB), alpha-fetoprotein (AFP), and cytokeratin 18 

(CK18) as well as functionality markers such a1-antitrypsin (AAT) and CYP3A4, 

demonstrating their phenotypic similarity to endogenously derived hepatocytes55. 

Reprogramming patient-specific hiPSCs and establishing isogenic and functional 

derivatives afford the advantage of avoiding the ethical controversy of oocyte-derived
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embryonic stem cell use and potentially addressing the immunogenicity issues for cell 

replacement therapies56. 

In this study, we sought to correct the enzyme deficiency, using a universal 

approach, in multiple arginase-deficient hiPSC lines derived from hyperargininemic 

patients by using genome editing technology. We delivered CRISPR/Cas9 nickases via 

nucleofection for gene addition of a full-length codon-optimized human arginase 1 cDNA 

(ArgO) expression cassette (LEAPR) into Exon 1 of the endogenous hypoxanthine-

guanine phosphoribosyltransferase  (HPRT) locus in hiPSCs6. After targeted insertion 

and puromycin selection (enabled by the LEAPR-derived puromycin N-acetyl-

transferase [PAC]), and with confirmation of the presence of the LEAPR cassette in the 

patient-specific hiPSCs, we demonstrated the restoration of arginase activity in both 

hiPSCs and differentiated hepatocyte-like cells. Results from this genetic targeting 

approach potentially offer a widely applicable method to genetically introduce arginase 

expression in hiPSCs derived from hyperargininemic patients and, on a broader scale, 

to other single-enzyme inborn errors of metabolism. 

 
Materials and Methods 
 
In vitro derivation and culture of primary human dermal cells 

The control human dermal fibroblast cell line (xc-HUF1), obtained from UCLA 

Good Manufacturing Practice (GMP) facility, and two disease fibroblast lines (AD2 and 

AD3) used in this study were obtained from adult skin punch biopsy (after IRB approval 

and informed consent) and were cultured in methods previously published49,57,58. One 

adult disease fibroblast line (GM00954, renamed AD1) was obtained from Coriell 

Institute for Medical Research (Camden, NJ). All procedures were approved by the
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Institutional Review Board (IRB #13-001469-AM-00002) and the Embryonic Stem Cell 

Research Oversight (ESCRO) (ESCRO #2010-010-04A) Committee of the University of 

California, Los Angeles and informed consent was documented from both patients. 

 

In-vitro derivation and culture of human stem cell lines 

The control hiPSC line xc-HUF1 and the three disease hiPSC lines (AD1, AD2, 

AD3) were developed by reprogramming from corresponding parental fibroblast lines 

via a lentiviral transduction of a stem cell cassette (STEMCCA) containing the 

reprogramming factors Oct4, Sox2, Klf4, and c-Myc59. 

 

Hepatocyte differentiation of induced pluripotent stem cells 

To begin hepatocyte differentiation, hiPSCs were passaged at 90% confluency. 

The next day, the differentiation protocol began as previously published55. 

 

Immunocytochemistry 

Cells were washed with PBS and fixed with 4% paraformaldehyde (Polysciences, 

Warrington, PA) in 1x PBS for 15 minutes prior to staining. When necessary, samples 

were permeabilized in 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) in PBS for 1 hour 

at room temperature.  Subsequently, all samples were blocked with 5% goat serum 

(Sigma) in PBS for one hour at room temperature. Primary antibodies were diluted to 

working concentrations in 5% goat serum; cells were incubated with the primary 

antibody overnight in 4°C. After incubation, cells were washed three times with PBS at 5 

minutes per wash. Secondary antibodies were diluted in 5% goat serum and cells were
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incubated for 1 hour at RT. Cells were washed three times with PBS and incubated with 

1X DAPI (Thermo, Waltham, MA) for 7 minutes. Fluorescence images were captured 

with an Axiocam MR Monocolor Camera and AxioVision Digital Image Processing 

Software (Axio Observer Inverted Microscope; Carl Zeiss, Jena, Germany). The primary 

and secondary antibodies used for hiPSC and hepatocyte-like cells are listed in Table 1. 

 

Teratoma formation and analysis 

Teratomas for the control and disease hiPSC lines were generated by injecting 1 

x 106 cells (resuspended in Matrigel [BD Biosciences]) subcutaneously into both hind 

limbs of male severe combined immunodeficient (SCID) mice (Charles River 

Laboratories, San Diego, CA). Tumors were harvested roughly 1-1.5 months after 

injection and fixed in 4% paraformaldehyde. Tissues were routinely processed and 

paraffin-embedded followed by staining with hematoxylin and eosin (H&E). All animal 

experiments adhered to policies set by the UCLA Animal Research Committee and the 

UCLA Division of Laboratory Animal Medicine (Protocol #2006-119-22). 

 

Karyotype analysis 

hiPSCs were cultured to 95-99% confluency in 25 cm2 flasks and delivered to 

Cell Line Genetics, Inc. (Madison, WI) for G-band karyotyping analysis. 

 

Reverse transcription-polymerase chain reaction  

 RNA was extracted from primary fibroblasts, hiPSCs, and hepatocyte-like cells 

with a Roche High Pure RNA Isolation Kit (Roche Applied Sciences, Indianapolis, IN)
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and 10 ng–1 mg was reversed transcribed to cDNA with the Transcriptor First Strand 

cDNA synthesis kit (Roche Applied Sciences) following the manufacturer’s instructions. 

Primers were designed in NCBI/Primer-Blast and synthesized by Valugene, Inc. (San 

Diego, CA) and are listed in Table 2. RT-PCR was performed with 25 ng of cDNA from 

each sample and each reaction was prepared with 12.5 mL 2x KAPA Fast Genotyping 

Mix (Kapa Biosystems, Wilmington, MA) and with 10 mM forward and reverse primers 

and was run on a LightCycler 480 Real-Time PCR System (Roche Applied Sciences). 

Gels were made with 2% agarose (Bio-Rad Laboratories, Hercules, CA) and 1x SYBR 

Safe DNA Gel Stain (Life Technologies) in tris-acetate-EDTA (TAE) buffer and run on a 

PowerPac Basic Power Supply (Bio-Rad, Hercules, CA) at 90v for 30 minutes.  

 

Quantitative reverse transcription polymerase chain reaction 

Total RNA was isolated from cultures with a Roche High Pure RNA Isolation Kit 

(Roche Applied Sciences) and 250 ng-1 mg was reverse transcribed to cDNA utilizing a 

Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Sciences). Primers for 

endogenous arginase and human codon-optimized arginase and probes (designed from 

the Roche Universal Probe Library) were synthetized at Valuegene Inc. (Table 3). 

Quantitative PCR relative gene expression experiments were performed with 10 ng of 

cDNA on a LightCycler 480 Real-Time PCR System (Roche) and data was analyzed 

with LightCycler 480 Software (release 1.5.0.). Triplicate experimental samples were 

paired using the all-to-mean pairing rule ΔCt value calculation with GAPDH for 

advanced relative quantification. 
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Cloning and gene optimization 

pUC18-HPRTx1-LHA-hEF1α-ArgO-IRES-PAC-HPRTx1-RHA was cloned by 

PCR of HPRTx1 (Exon 1)-RHA(Right Homologous Arm) with primers 5-HPRT-RHA-NotI 

(GCATGCGGCCGCCAGTCAGCCCGCGCGCC) and 3-HPRT-RHA-PstI 

(CGATCTGCAGCCTGCCGCCCTCGCGT) and restriction enzyme digested with NotI 

and PstI. HPRTx1-LHA (Left-Homologous-Arm) was synthesized by GeneWiz, removed 

and isolated from pUC57-Kan by digestion with EcoRI and XbaI. hEF1α-ArgO-IRES-

PAC was removed and isolated from pRRL-hEF1α-ArgO-IRES-PAC with XbaI+NotI 

digest. Two synthetic polyadenylation sequences were inserted 3' of HPRTx1-LHA and 

5' of HPRTx1-RHA by cutting and inserting the sequences with SpeI and NotI, 

respectively.  Oligonucleotides were synthesized by ValueGene and annealed together 

to create inserts for cloning. Finally, all inserts were ligated together with pUC18 

digested by EcoRI and PstI. DNA was introduced into cells by nucleofection (see 

Supplemental Experimental Procedures for details). 

Human codon optimized arginase (ArgO) was developed by running the amino 

acid sequence of arginase 1 through Gene Designer 2.0 software (DNA2.0, Menlo Park, 

CA) against the homo sapiens codon usage table. Once the initial sequence was 

produced, it was run through NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/) to 

find any cryptic splice sites. This sequence was then checked for any long repeats in 

Oligonucleotides Repeat Finder 

(http://wwwmgs.bionet.nsc.ru/mgs/programs/oligorep/InpForm.htm). Any variations 

needed to delete splice sites or long repeats were silent mutations that used the next 

most common codon in the Homo sapiens codon usage table.
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Junction PCR and sequencing analysis 

To verify targeted integration of our donor vector in corrected hiPSCs, each 5’ 

and 3’ junction of the integrated vector was analyzed by PCR and DNA sequencing. 

Reactions were prepared with genomic DNA, 12.5 mL of Phusion High-Fidelity PCR 

Master Mix (New England BioLabs, Ipwich, MA), 10.25 mL of water, and 1.25 mL of 

forward and reverse primers for the 3’ and 5’ ends of Exon 1 of HPRT (Table 4).  

 For sequencing, PCR bands were extracted and purified using the Wizard SV 

Gel and PCR Cleanup System (Promega, Madison WI) and the purified products were 

sent to Laragen (Culver City, CA) for sequencing analysis. 

 

Functional assay for arginase activity 

Arginase activity was measured in cell lysates. 2 x 106–4 x 106 cells were 

pelleted by low-speed centrifugation and frozen for each sample. Cell pellets were lysed 

at 20,000 cells/mL in lysis buffer. Primary tissue sample controls were homogenized 

with 40 mL of lysis buffer/mg of tissue. Lysis buffer was prepared with 0.1% Triton X-

100 and 1x HALT protease inhibitor cocktail (Thermo) and urea production was 

measured as previously performed72,73. 

Sequencing Analysis 

Fibroblasts were cultured in 25 cm2 flasks and delivered to GeneDx 

(Gaithersberg, MD) for complete Arg1 gene sequencing and mutation analysis. 

Mutations were analyzed in hiPSC and hepatocyte progeny in the UCLA Orphan 

Disease lab by PCR followed by Sanger sequencing. 
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Statistical Analysis 

 All collected data was analyzed with the SPSS (Armonk, NY) statistical package 

(Version 21.0). Results were expressed as mean ± standard deviation (SD) and p-

values were determined using a one-way ANOVA to examine significance across 

comparisons. Error bars represent SD. 

 

Results 

Derivation of patient-specific hiPSCs from arginase-deficient dermal fibroblasts 

 We derived genetically-distinct hiPSC lines from dermal fibroblasts taken from 

three patients with hyperargininemia. The first disease dermal fibroblast line, AD1, 

originating from a female argininemic patient, was purchased from Coriell (GM00954). 

Two additional dermal fibroblast lines, AD2 and AD3, were derived from skin punch 

biopsies obtained from a male and female patient, respectively, at UCLA. The AD 

dermal fibroblasts were successfully reprogrammed to hiPSCs using a lentiviral vector 

expressing a constitutive polycistronic cassette (STEMCCA) encoding the four 

transcription factors: OCT4, SOX2, KLF4, and cMyc49,58,60. Dermal fibroblasts were 

transduced with the STEMCCA lentivirus and were maintained in culture for 30 days on 

MEFs before conversion to feeder-free culture conditions. The control hiPSC line (xc-

HUF1), derived from the dermal fibroblasts of a healthy adult male, was previously 

established in the lab using the same reprogramming methodology57. 

AD1, AD2, and AD3 hiPSC lines exhibited normal stem cell-like morphology 

throughout the course of the study. Characterization of the AD hiPSCs included 

immunophenotyping for common pluripotent stem cell markers, alkaline phosphatase
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staining, in vivo teratoma formation, and karyotype analysis. AD1, AD2, and AD3 

hiPSCs stained positive for pluripotency markers: Oct4, NANOG, SSEA-3, SSEA-4, 

Tra-1-60, Tra-1-81 and all exhibited positive alkaline phosphatase activity (Figure 2-1). 

Normal karyotypic analyses, with no genomic abnormalities, were detected through G-

banding studies of AD1, AD2, and AD3 hiPSC lines (Figure 2-2). Furthermore, AD 

hiPSCs were collected and injected subcutaneously into the hindleg of SCID mice for in 

vivo teratoma analysis. Teratoma sections from AD1, AD2, and AD3 were stained with 

H&E and exhibited formation of gut (endoderm), neuroectoderm (ectoderm), and 

chondrocyte (mesoderm) derivatives, demonstrating the ability of our hiPSCs to form 

tissues from all three germ layers (Figure 2-2). Additionally, the specific arginase 

mutations were determined for each line (Figure 2-3). Characterization of all three 

disease hiPSCs were compared to non-disease controls H9 hESCs (data not shown) 

and xc-HUF1 hiPSCs and demonstrated no difference in pluripotency profile. 

 

Design of ArgO and vectors for gene correction of hiPSCs 

 To correct for the mutant Arg1 gene in our patient-derived AD hiPSCs, we 

designed a selectable, full-length codon-optimized human arginase cDNA (ArgO) 

expression cassette under the constitutive control of the human elongation factor 1a 

(hEF1a) promoter, referred to as LEAPR (Left homologous arm-hEF1a-ArgO-IRES-

Puro(R)-Right homologous arm), to be inserted into Exon 1 of the HPRT locus (Figure 

2-4). Utilizing CRISPR/Cas9 nickases to bind and cleave Exon 1 of HPRT, we achieved 

targeted LEAPR addition into the desired site. LEAPR addition and disruption of the 

HPRT locus allowed for secondary positive clonal selection of successful on-target
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integration via resistance to 6-thioguanine (6-TG) treatment. Additionally, a puromycin 

resistance gene encoded within the LEAPR construct afforded the ability to utilize an 

efficient dual selection method to isolate a clonal population of cells that successfully 

integrated our vector into the HPRT locus. After dual selection with puromycin and 6-

TG, AD1, AD2, and AD3 hiPSCs maintained normal stem cell-like morphology (Figure 

2-5). 

 

Evaluation of Targeted Integration and Expression of ArgO into Corrected hiPSCs 

 After delivery of the LEAPR construct (Figure 2-4), we performed experiments to 

verify correct on-target integration into the AD hiPSCs. AD hiPSCs were first dual-

selected by two cycles of 1 µg/mL puromycin treatment for 72 hours followed by 6-TG 

treatment. Dual-resistant cell populations were then clonally selected into three 

subclones each for all AD hiPSC lines. To analyze the targeted integration of our donor 

vector into Exon 1 of the HPRT locus, primers were designed to span each junction 

between the endogenous genome and our inserted vector. For each junction, one 

primer was designed to bind a region of the genome outside of the homologous arm 

region, and another was designed to bind a sequence within our inserted donor vector. 

Products at both 5’ and 3’ junction sites demonstrated on-target integration of our 

LEAPR construct in each of three subclones of the corrected AD1, AD2, and AD3 

hiPSC lines (Figure 2-6). Additionally, sequencing analysis of the junction PCR products 

showed the seamless transition between donor vector sequence and the endogenous 

genome sequence of our gene-corrected cell lines at both the 5’ and 3’ junctions of our 

gene cassette insert (Figure 2-7). 
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Arginase levels were examined in the LEAPR-corrected hiPSC lines by measuring RNA 

expression via qRT-PCR and functionality via urea production. After puromycin and 6-

TG selection, corrected hiPSCs (n = 3) expressed significantly higher RNA levels (p < 

0.0001) of codon optimized arginase compared to wild type arginase RNA levels in 

uncorrected AD hiPSCs, demonstrating expression in all three corrected hiPSC lines. 

The integration of ArgO increased arginase levels in AD1, AD2, and AD3 hiPSCs to 

58%, 92%, and 46% respectively when compared to wild type arginase levels in human 

fetal liver (Figure 2-8). Additionally, corrected AD hiPSCs (n = 2) exhibited a significant 

increase (p < 0.0001) in urea production when compared to their uncorrected 

counterparts. Functionality of corrected AD1 hiPSCs (n = 2) increased to 102% (p = 

0.0212) of that measured in human fetal liver levels (Figure 2-8). Varying degrees of 

recovery were observed in AD1, AD2, and AD3 corrected lines; however, the lowest 

recorded recovery level was still 71% of the primary fetal liver (Figure 2-8). Taken 

together, these data demonstrate a high specificity of integration into Exon 1 of the 

HPRT target site as well as a high codon optimized arginase RNA expression and a 

restoration of substantial functional arginase activity in hiPSCs. 

 

Directed differentiation of human pluripotent cells into hepatocyte-like cells 

 Using a previously published protocol55, we differentiated the corrected AD1, 

AD2, and AD3 hiPSCs, their uncorrected counterparts, H9 hESCs (data not shown) and 

control xc-HUF1 hiPSCs into hepatocyte-like cells. After 21 days, we assessed 

expression of specific liver markers and assessed liver cell-specific functions of our 

derivatives. Morphology of the genetically modified AD1 hepatocyte-like cells resembled
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both that of their uncorrected counterparts (AD1 WT hepatocytes), and primary human 

adult hepatocytes (Figures 2-9, 2-10).  

At the end of the final differentiation stage, we characterized the expression of 

hepatic markers in our derivatives. Similar to the primary adult hepatocyte control, 

LEAPR-corrected AD1, AD2, and AD3 derivatives stained positive for albumin (Figures 

2-9, 2-10). The hepatocyte-like cells exhibited expression of AFP, whereas the primary 

adult hepatocyte control was essentially negative for AFP. This observation is 

consistent with previous studies demonstrating that PSC-derived hepatocyte-like cells 

more closely mimic fetal as opposed to adult hepatocytes; mature hepatocytes lose 

AFP expression while more fetal-like hepatocytes continue to express AFP. Therefore, 

we compared RNA expression of multiple hepatic-specific markers of the derivatives to 

a human fetal liver control. RT-PCR analysis showed that AD1, AD2, and AD3 

hepatocyte-like cells all expressed hepatic functional genes including: ALB, AFP, AAT, 

CK18, CPS1, CYP3A4, FIX, TF, TDO2, and UDP-GT (Figures 2-11, 2-12). Human 

primary adult hepatocytes and fetal liver were used as positive controls for the 

immunostaining and RT-PCR analysis, respectively. 

Additionally, we assessed liver-specific functionality of both our genetically 

modified and unmodified AD1, AD2, and AD3 hepatocyte-like cells. At day 21, we 

measured glycogen storage via Periodic Acid-Schiff (PAS) staining of all hepatic 

derivatives. Similar to primary adult hepatocytes, corrected AD1, AD2, and AD3 

hepatocyte-like cells stained positive by PAS (Figures 2-9, 2-10). These results 

demonstrate that genetic modification of hiPSCs with our LEAPR construct does not 

interfere with the capability of the cells to differentiate into hepatocyte-like cells.
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Evaluation of arginase expression and functionality in hepatocyte-like cells 

We examined codon optimized arginase RNA expression and functionality in the 

hiPSC-derived hepatocyte-like cells to determine the maintenance of arginase 

expression after directed differentiation. After the final differentiation step, RNA was 

collected from LEAPR-corrected AD1, AD2, and AD3 hepatocyte-like cells and arginase 

mRNA levels were quantified and compared to both corrected hiPSC and fetal liver 

levels via qRT-PCR. Hepatic differentiation did result in a significant decrease (p < 

0.0001 for AD1 and AD2; p < 0.0002 for AD3) in arginase mRNA expression in all three 

LEAPR-corrected hepatocyte-like cell lines compared to undifferentiated hiPSCs (Figure 

2-13). However, despite the decline in expression compared to hiPSCs, AD1, AD2, and 

AD3 hepatocyte-like cells maintained arginase mRNA levels of 27%, 39%, and 36% of 

fetal liver Arg1 levels.  

With the above findings, an expected post-differentiation decline was also 

observed in arginase functionality (p = 0.0004 for AD1; p = 0.001 for AD2; p = 0.0007 

for AD3 compared to corrected hiPSCs) of the LEAPR derivatives. Urea production in 

AD1, AD2, and AD3 LEAPR-corrected hepatocyte-like cells declined 61%, 37%, and 

38% of levels measured in hiPSCs; however, all three corrected hepatocyte-like cell 

lines maintained > 40% of urea production of fetal liver (Figure 2-13).  

 

Discussion 

Chronic therapy for urea cycle disorders includes dietary restriction to limit 

nitrogen intake and pharmacological intervention with nitrogen scavenging drugs (e.g. 

phenylbutyrate). Such substrate restriction is commonly used for treating urea cycle
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disorders and while it is somewhat effective, this therapy is more prophylactic than 

curative and patients remain at risk for developing long-term neurological issues due to 

intermittent hyperammonemia. Gene and stem cell therapy have emerged as promising 

alterative therapeutic avenues to treat these disorders and prevent the development of 

hyperammonemia-induced neurological injury61,62,63,64,65. 

Stem cells, specifically hiPSCs, provide in principle, a functionally inexhaustible 

source of patient-specific cells that can undergo directed differentiation into various 

somatic cell types to be used for cellular replacement therapies66,67,68. Due to their 

therapeutic potential, considerable effort has been expended to optimize protocols to 

genetically modify these cells in order to model disease and to use in potential cellular 

therapies69. However, despite the promise of utilizing genetically modified hiPSCs for 

therapeutic studies, the ability to efficiently deliver genes to targeted sites in hiPSCs is 

hampered by several challenges. Non-viral methods, such as chemical transfection or 

electroporation, and viral methods, via lentiviruses or adeno-associated virus (AAVs), all 

suffer from relatively low transfection and transduction efficiencies, transient expression, 

and off-target integration in the host hiPSC genome65,69. Recently, the development of 

highly specific clustered interspaced short palindromic repeats (CRISPRs) and 

CRISPR-associated (Cas) systems to introduce genes into hiPSCs have begun to 

address many previous issues surrounding genomic editing of stem cells. Unlike its 

predecessors zinc finger nucleases (ZFNs) and transcription activator-like effector 

nucleases (TALENs), CRISPR/Cas9 can be produced rapidly and introduced into 

specific target sites with increased accuracy6,70,71. As such, recent studies have 

demonstrated highly
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efficient genetic correction of hiPSCs utilizing CRISPR/Cas9 for neural and muscular 

disorders8. 

The goal of the present study was to determine if integration of codon-optimized 

arginase into genetically distinct patient-specific hiPSCs could produce in vitro enzyme 

function after differentiation into hepatocyte-like derivatives for potential use in cellular 

therapy for these patients. Previous gene therapy studies have demonstrated 

successful reversal of disease manifestations through either treatment of neonatal mice 

with a helper-dependent adenoviral vector (HDV) or with AAV-expressing arginase 63,72. 

In the former, the transient nature of expression led to loss of arginase function and in 

the later, long-term survival without neuropathology was achieved; however, with the 

loss of episomal genomes, the level of arginase expression was low and, therefore, the 

animals remained nitrogen vulnerable73. However, these murine studies were able to 

determine both that long-term survival with normal behavior and learning was possible 

and that only low levels of hepatic arginase activity, as low as 3.5-5%, were necessary 

to prevent brain injury and/or death from hyperammonemia or hyperargininemia72,73,74. 

Here, we developed a CRISPR/Cas9-based strategy to deliver a codon-optimized 

version of human arginase 1 into hiPSCs derived from arginase deficient patients. 

Arginase 1 was introduced into Exon 1 of the HPRT locus via a construct containing 

right and left homologous arms, the human elongation factor 1a promoter, a 

polyadenylation signal, and puromycin for selection (LEAPR). Successful integration 

resulted in substantial arginase activity in hiPSCs and in their differentiated derivatives. 

Cellular HPRT is an enzyme that catalyzes the conversion of hypoxanthine to 

inosine monophosphate and guanine to guanosine monophosphate in the non-essential
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purine salvage pathway75. Homozygous loss of HPRT function results in Lesch-Nyhan 

syndrome, which causes an overproduction of uric acid. However, in normal conditions, 

purine salvage and HPRT do not play a major role in cell growth and proliferation; in 

therapeutic administration of cells where HPRT is not functional in the large mass of 

HPRT-positive cells (such as the liver), it is believed that this loss will be 

inconsequential in purine metabolism76. There are certainly desirable selective 

advantages for utilization of the HPRT locus for integrated cell selection: HPRT-positive 

cells are sensitive to 6-thioguanine (6-TG); this property allows for selection with 6-TG 

after HPRT locus disruption77,78,79. Transfection efficiency of hiPSCs is inherently low; 

the incorporation of a dual selection method with puromycin and 6-TG allowed us to 

purify a population of hiPSCs that contained the integrated construct at the targeted site 

utilizing nucleofection to deliver CRISPR/Cas9 nickases and the LEAPR cassette. In 

culture, these corrected hiPSCs maintained proper morphology and pluripotency, and 

sequencing confirmed that the constructs integrated into the correct target site in HPRT. 

 Importantly, arginase was highly expressed in LEAPR-corrected cells as shown 

by both qRT-PCR and in urea production from functional arginase activity. After directed 

differentiation of LEAPR-corrected hiPSCs to the hepatic lineage, the hepatocyte-like 

cells were positive for albumin and a-fetoprotein, stored glycogen, and expressed 

multiple liver-specific RNAs. To determine if differentiation affected expression and 

functionality of arginase in the hepatocyte-like cells, we quantified RNA levels and urea 

production for comparison with their hiPSC counterparts. While RNA levels of LEAPR-
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derived arginase in hepatocyte-like cells were lower when compared to their hiPSC 

counterparts, functional arginase expression with urea production for all LEAPR-

corrected hepatocyte-like cells remained. Previous studies have shown a decline occurs 

in transgene expression during differentiation with the use of the hEF1a promoter in 

embryonic stem cells, and this in part may explain in part the decline in expression in 

the hepatocyte derivatives in this study80. In aggregate, however, these data 

demonstrate that genetic modification at the HPRT locus of the arginase-deficient lines 

had no deleterious effect on their pluripotent capability and overall “stemness”; were not 

altered by nucleofection, selection, or culture of the hiPSCs; and were able to be 

differentiated into hepatocytes with restoration of arginase activity. 

 Based on these data, integration of arginase 1 via the LEAPR expression 

construct by targeting the HPRT locus demonstrates the potential for restoring 

enzymatic activity in cells derived from hyperargininemic patients. Previously, we have 

shown in a murine model that with relatively low overall hepatic arginase activity that 

urea cycle function at 3.5-5% of normal led to long-term survival with controlled plasma 

arginine and ammonia; however these animals remained nitrogen vulnerable due to the 

low level of arginase expression73. LEAPR-corrected hepatocyte-like cells across all 

three lines demonstrated functionality of at least 40% compared to fetal liver; while the 

EF1a promoter-based expression has been demonstrated previously to result in robust 

expression at each stage of ES cell differentiation (at least in mice), transgene 

expression is known to decline with cellular differentiation80. However, arginase 

expression remains well above the minimum threshold needed for survival and 

adequate nitrogen metabolism determined from the prior murine arginase studies73.
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Over the last 30 years, multiple studies in rodents have shown that adult 

hepatocyte transplantation can reverse liver failure and can correct various metabolic 

deficiencies of the liver81,82. While clinical trials of hepatocyte transplantation have 

demonstrated the long-term safety of cellular administration, only partial correction of 

metabolic disorders in humans has been achieved83,84. In part due to the limited 

availability of fresh donor hepatocytes of adequate quality, clinical trials have been 

hampered and reports have been limited in general to case reports involving at most a 

few patients and generally with no untreated controls85,86,87,88. While attaining adequate 

engraftment will need further attention to make such therapies successful for patients 

with metabolic liver disorders, issues of cellular rejection should be greatly reduced with 

an hiPSC approach as described herein81. 

In choosing this approach where cell availability and numbers of hepatocytes will 

not be a limitation, there are other important implications for treating more common 

monogenic disorders of the liver. The safe harbor of Exon 1 of HPRT could be used in 

that the efficiency of homologous recombination has been demonstrated here as well as 

the exogenous gene expression at this locus based on the hEF1a promoter. Targeted 

therapy of other liver-based disorders would be easily addressed by substitution of the 

arginase cDNA from the donor construct with one of the other enzyme sequences in 

another metabolic disorder. 

 This study presents an approach that can be utilized to integrate an optimized 

cassette into a universal site distant from proto-oncogenes in patient-specific hiPSCs to 

restore function of abnormal liver enzymes. While we have addressed the restoration 

and maintenance of transgene expression pre- and post-differentiation, additional
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studies are required to investigate the in vivo therapeutic efficacy of the corrected 

derivatives to maintain recovered arginase activity after cellular transplantation. 

Successful in vivo recovery of enzyme function by means of these strategies could 

benefit enzyme deficiencies of the urea cycle and other inborn errors of metabolism. 
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Figure 2-1. Pluripotency characterization of arginase deficient (AD) hiPSCs 

Pluripotency of all three AD hiPSC lines was measured via immunophenotyping. AD1, AD2, 

and AD3 subclones were positive for octamer-binding transcription factor-4 (OCT3/4), 

homeobox protein nanog (NANOG), stage-specific embryonic antigens 3 (SSEA-3) and 4 

(SSEA-4), tumor-related antigens 1-60 (TRA-1-60) and 1-81 (TRA-1-81), and alkaline 

phosphatase. AD hiPSCs were compared to a wild type hiPSC line xc-HUF1. (Scale bars for 

all images are 200 mm except alkaline phosphatase which is 500 mm.) 
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Figure 2-2. Karyotype and teratoma characterization of AD hiPSCs 

Pluripotency of all three AD hiPSC lines was measured via immunophenotyping. AD1, AD2, 

and AD3 subclones were positive for octamer-binding transcription factor-4 (OCT3/4), 

homeobox protein nanog (NANOG), stage-specific embryonic antigens 3 (SSEA-3) and 4 

(SSEA-4), tumor-related antigens 1-60 (TRA-1-60) and 1-81 (TRA-1-81), and alkaline 

phosphatase. AD hiPSCs were compared to a wild type hiPSC line xc-HUF1. (Scale bars for 

all images are 200 mm except alkaline phosphatase, which is 500 mm.) 
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Figure 2-3. Arginase mutations in AD patient samples 

Sequencing analysis reveals specific arginase mutations in each AD1, AD2, and AD3 lines. 
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Figure 2-4. Design and integration of LEAPR expression cassette 

Design of the LEAPR construct containing the human codon optimized arginase (ArgO). 
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Figure 2-5. Dual selection of corrected hiPSCs with puromycin and 6-TG  

Corrected AD hiPSCs selected with puromycin and 6-TG dual treatment maintained 

normal morphology  
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Figure 2-6. Junction PCRs demonstrate targeted integration of ArgO 

Junction PCR shows integration of the construct in AD1, AD2, and AD3 hiPSCs in Exon 1 of 

the HPRT site. 
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Figure 2-7. Sequencing for ArgO 

Sequencing analysis demonstrates seamless integration of the construct in AD1, AD2, and 

AD3 hiPSCs at the target site.  
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Figure 2-8. Expression and functionality of ArgO in AD hiPSCs 
Relative gene expression of ArgO, measured against glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), in AD1 uncorrected and corrected hiPSCs was measured by 

qRT-PCR. After integration of LEAPR into Exon 1 of the HPRT site, codon-optimized 

arginase expression in AD1, AD2, and AD3 was measured at 58%, 92%, 46%, 

respectively, of wild type Arg1 levels in fetal liver (right). Additionally, addition of ArgO 

increased argianse function by at least 71% in AD hiPSCs (left).   
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Figure 2-9. Characterization of AD1 hepatocyte-like cells 

Derived uncorrected and corrected AD1 hepatocyte-like cells maintained similar 

morphology compared to primary adult hepatocytes in-vitro. Hepatocyte-like cells were 

positive for both albumin and alpha-fetoprotein (AFP), suggesting that they present as 

more fetal in phenotype. Additionally, derived hepatocyte-like cells exhibit active glycogen 

storage, as measured by Periodic Acid Schiff (PAS) staining. (Scale bars = 500 mm)  
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Figure 2-10. Characterization of AD2 and AD3 hepatocyte-like cells 

Derived uncorrected and corrected AD2 and AD3 hepatocyte-like cells maintained similar 

morphology compared to primary adult hepatocytes in-vitro. Hepatocyte-like cells were 

positive for both albumin and alpha-fetoprotein (AFP), suggesting that they present as 

more fetal in phenotype. Additionally, derived hepatocyte-like cells exhibit active glycogen 

storage, as measured by Periodic Acid Schiff (PAS) staining. (Scale bars = 500 mm)  
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Figure 2-11. Hepatic gene expression of xcHUF1 and AD1 hepatocyte-like cells 
Both uncorrected and corrected AD1, as well as wild-type xcHUF1, hepatocyte-like cells 

express hepatic markers: alpha 1-antitrypsin (AAT), AFP, human serum albumin (ALB), 

cytokeratin 18 (CK18), carbamoyl phosphate synthase 1 (CPS1), cytochrome p450 3A4 

(CYP3A4), factor IX (FIX), transferrin (TF), tryptophan 2,3-dioxygenase (TDO2), and 

uridine diphosphate glucuronyltransferase (UDP-GT). 
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Figure 2-12. Hepatic gene expression of AD2 and AD3 hepatocyte-like cells 

Both uncorrected and corrected AD2 and AD3 hepatocyte-like cells express hepatic 

markers: alpha 1-antitrypsin (AAT), AFP, human serum albumin (ALB), cytokeratin 18 

(CK18), carbamoyl phosphate synthase 1 (CPS1), cytochrome p450 3A4 (CYP3A4), 

factor IX (FIX), transferrin (TF), tryptophan 2,3-dioxygenase (TDO2), and uridine 

diphosphate glucuronyltransferase (UDP-GT). 
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Figure 2-13. Expression and functionality of ArgO in AD hepatocytes 

mRNA levels of ArgO in AD1, AD2, and AD3 hepatocyte-like cells decrease compared to hiPSCs; 

however, expression is maintained, compared to fetal liver, at 27%, 39%, and 36% respectively, well 

above the 5% recovery necessary to maintain survival of mice in vivo. Urea production of corrected 

AD1, AD2, and AD3 hepatocyte-like cells also decreases post-differentiation 61%, 38%, and 37%, 

but still function at least 40% of fetal liver levels. 
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Conclusions and Future Directions 
 
 Stem cell research holds great promise in advancing both disease research and 

cellular therapies. Specifically, the ability to reprogram human dermal fibroblasts, and 

other accessible adult cell types, into induced pluripotent stem cells makes autologous 

cell therapies and personalized medicine more of a reality than before. However, 

despite the versatility and potential of stem cell technology, there are still numerous 

challenges that must be addressed before it can be counted on as a viable therapeutic 

option. The work presented here addresses two major constraints that limit the 

therapeutic applicability of stem cells: genomic instability and efficient genetic correction 

of hiPSCs. We have demonstrated that 1) lower endogenous pools of dNTPs in hiPSCS 

may promote RS-induced DNA damage and cellular genomic instability, but exogenous 

supplementation of deoxynucleosides can augment dNTP pools and alleviate incidence 

of genomic damage and 2) a human codon-optimized arginase gene can be efficiently 

introduced, via CRISPR/Cas9 technology, into the HPRT gene in hiPSCs and can 

recover enzyme function in hiPSCs and hepatocyte-like derivatives.  

Nucleoside supplementation restores dNTP balance and alleviates genomic 

instability in hiPSCs 

 In this study, we demonstrated, in three genetically distinct lines, that hiPSCs 

have lower endogenous pools of dCTP, dTTP, dATP, and dTTP and higher levels of 

DNA damage compared to their parental somatic cells. Maintaining a balance of 

endogenous dNTPs is essential for proper DNA replication and repair; therefore, given 

that hiPSCs have increased replication kinetics and altered DNA damage checkpoints, 

lowered dNTP pools may contribute to increased RS and genomic damage. To our 
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knowledge, this is the first study that has investigated a link between dNTP pools and 

DNA damage in hiPSCs. 

 Furthermore, we show that supplementation of culture media with exogenous 

deoxynucleosides can significantly augment dCTP, dTTP, dGTP, and dATP pools, 

reduce incidence of DNA damage, and potentially prevent long-term, culture-induced 

genomic instability in all hiPSC lines. Previous studies have shown that 

supplementation with ribonucleosides can alleviate DNA damage and reduce incidence 

of CNVs; however, we have demonstrated that a custom cocktail of dNs can have a 

greater effect. Preliminary data also suggests that supplementation with dNs results in a 

greater reduction in DNA damage compared to supplementation with antioxidants; 

however, additional studies are required to investigate the effects of a combination of 

antioxidant and nucleoside supplementation to alleviate ROS and RS-induced genomic 

instability (Supplementary Figure 1-1).  

 Even though we have demonstrated a possible solution for preventing genomic 

instability in hiPSCs, further studies are needed to investigate the effect that dN 

supplementation has on cell cycle kinetics, reprogramming, differentiation of hiPSCs. 

We have shown that nucleoside supplementation has the potential to increase efficiency 

of hiPSC reprogramming and differentiation; however, it is still unclear if these results 

are replicable or artifacts of culture (Supplementary Figures 1-2, 1-3). Also, elucidating 

the effects of exonenous supplementation on cell cycle kinetics and DNA repair can 

contribute to the field’s understanding of cellular mechanisms of stem cells, which would 

aid in the derivation of universally applicable, culture-based tools to maintain genomic 

stability of hiPSCs. 



 61  

Restoring ureagenesis in hepatocytes by CRISPR/Cas9-mediated genomic 

addition to arginase-deficient induced pluripotent stem cells   

 Our second goal was to demonstrate successful and efficient targeted integration 

of a human codon optimized arginase gene, utilizing CRISPR/Cas9, into arginase 

deficient hiPSCs to recover enzyme function. We delivered ArgO into Exon 1 of the 

HPRT gene in three genetically distinct arginase deficient hiPSC lines, and the 

corrected cells were dual selected with puromycin and 6-TG. Integration into the 

targeted site was confirmed via junction PCR and sequencing, and the ArgO was able 

siginificantly to recover arginase activity in the disease lines. Furthermore, hepatocyte-

like cells derived from the corrected hiPSCs maintained arginase activity and 

expression well above the minimum threshold necessary for in vivo studies.  

 However, arginase expression and functionality significantly decreases post-

differentiation, raising a concern if those levels could potentially drop even further after 

transplantation. This decrease could be a result of using the Ef1α promoter, which has 

been shown to drop in activity post-differentiation. Further studies are needed to 

investigate methods to enhance the arginase expression and functionality in both 

hiPSCs and their hepatocyte derivatives. Several strategies we have begun to focus on 

include targeting the endogenous hepato-specific Albumin gene for ArgO integration, 

investigating the use of other promoters, and modifying the ArgO cassette to include 

dual copies of arginase separated by a self-cleaving 2A peptide (p2A).  

 Additionally, we are investigating other hepatocyte differentiation protocols to 

enhance differentiation efficiency and generate a higher quantity and quality of pure 

hepatocyte-like cells. These additional steps are necessary as we look to
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translate the results of this study to a mouse model of arginase deficiency. Successful 

demonstration of CRISPR/Cas9-mediated genetic modification of hiPSCs and 

restoration of ureagenesis in mouse models using corrected hiPSCs can provide a 

method that can be applied universally to correcting other forms of UCD and other 

single enzyme disorders.  
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Supplementary Figure 1-1. Comparison of antioxidant and nucleoside supplementation 

xcHUF1 hiPSCs were cultured for two weeks with either ascorbic acid or our nucleoside 

supplement for two weeks (n=50). hiPSCs that were cultured in dNs exhibited 40% less γH2AX-

positive nuclei compared to those supplemented with antioxidants. Data are represented as 

means ± SD. **p<0.05 unpaired two-tailed t-test.  
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Supplementary Figure 1-2. dN supplementation increases Oct-3/4 expression during 
reprogramming 

xcHUF1 fibroblasts were reprogrammed with or without dN supplementation. Three days after 

lentiviral transfection, fibroblasts supplemented with dNs exhibited higher levels of Oct-3/4 and 

lower levels of DSBs (n=50). Data are represented as means ± SD. **p<0.05 unpaired two-tailed t-

test  
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Supplementary Figure 1-3. AFP expression in hepatocyte-like cells with or without dN 
supplementation 

Hepatocyte-like cells were maintained in culture two weeks post-differentiation with or without 

dN supplementation (n=50). Hepatocyte-like cells cultured with supplement maintained higher 

levels of AFP, with 17% of cells expressing AFP. AFP was detected via immunocytochemistry.  

Data are represented as means ± SD. **p<0.05 unpaired two-tailed t-test  
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