


 
 

 ABSTRACT 

Genome editing strategies for treating                                       
β-hemoglobinopathies 

 by 

So Hyun Park 

β-hemoglobinopathies including sickle cell disease (SCD) and β-thalassemia are 

debilitating, painful diseases and a major cause of global mortality and health 

disparities. Currently, there is no cure for the majority of patients with β-

hemoglobinopathies and therapeutic options are limited. We have developed novel 

approaches to curing β-hemoglobinopathies using CRISPR/Cas9 based ex vivo 

genome editing of β-globin (HBB) gene in patients’ hematopoietic stem and 

progenitor cells (HSPCs). Although gene-editing strategies, including correction of the 

sickle mutation, targeted insertion of the β-globin gene and induction of fetal 

hemoglobin are very promising in curing β-hemoglobinopathies, significant safety 

concerns exist, including off-target effects, large deletions and insertions in HBB, and 

chromosomal rearrangements. In Aim 1, we optimized the design of CRISPR gRNA 

and short single-strand oligonucleotide donor template to correct the sickle 

mutation, and demonstrated high rates of gene correction in SCD HSPCs. Erythrocytes 

derived from gene-edited cells showed high levels of normal hemoglobin expression 

and a marked reduction of sickle cells. We found that gene-corrected HSPCs retained 

the ability to engraft in mouse models, and the off-target effects could be significantly 



 
 

reduced by using HiFi-Cas9. In Aim 2, we developed and validated two next-

generation sequencing-based assays, LongAmp-seq (long-range PCR amplification 

based sequencing) and NEW-seq (nuclease-activity identified by gEnome-wide 

sequencing), to comprehensively investigate the gene-editing outcomes and the 

potential consequences of unexpected mutations. We performed a thorough analysis 

of gene-editing outcomes, including large deletions and insertions at the HBB cut site 

not previously reported. The LongAmp-seq and NEW-seq also have the potential to 

detect and quantify chromosomal rearrangements including inversions, 

translocations and large chromosomal deletions. To aid the development of new 

therapies for β-hemoglobinopathies, in Aim 3, we applied genome editing to establish 

erythroid cell models for SCD and β-thalassemia that exhibit disease phenotypes. 

These cell models are reliable, reproducible and low-cost in performing disease 

studies, including validation of genome editing based therapies and screening of 

pharmacological drugs. The systematic studies of the efficiency and safety of the gene-

editing approaches, and the cell models developed for discovery of therapeutic agents 

may significantly facilitate the clinical translation of gene editing based therapies for 

β-hemoglobinopathies.  
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Chapter 1 

Introduction 

1.1. β-Hemoglobinopathies 

1.1.1. Human Globin Locus 

β-hemoglobinopathies are inherited blood disorders caused by mutations in the β-

globin gene (HBB) which result in abnormal form of hemoglobin or decreased level 

of hemoglobin [1]. These diseases are the most common genetic disorders in the 

world leading to high morbidity and mortality [2]. Sickle cell disease (SCD) and β-

thalassemia are the most common forms of these conditions. 

The hemoglobin molecules are consisting of four subunits, two α polypeptide 

chains and two β polypeptide chains. The human β-globin locus is composed of five 

genes located on chromosome 11; beta (β), delta (δ), gamma 1 (γ1), gamma 2 (γ2), 

and epsilon (ε) [3]. The human alpha-globin locus is located on chromosome 16 and 
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contains 1 embryonic zeta (δ), and 2 alpha (α1, α2)-globin genes (Figure 1). In 

normal adult, the overall hemoglobin composition is 97% adult hemoglobin (HbA, 

α2β2), 3% or less HbA2 (α2δ 2), and upto 1% fetal hemoglobin (HbF,α2γ2). The 

production of α-like and β-like globin chains are tightly controlled and balanced in 

normal red blood cells (RBCs) [4]. In β-thalassemia, this balance is severely 

disturbed due to the reduced level of β-globin chain caused by HBB mutations. The 

insufficient synthesis of β- globin chains and an excess of α-globin chains in RBCs 

lead to pathophysiology [3].

 

Figure 1. Structure and regulation of human globin gene clusters 

The human β- globin locus is composed of five genes located on chromosome 11; beta (β), delta 

(δ), gamma 1 (γ1), gamma 2 (γ2), and epsilon (ε). The human alpha-globin locus is located on 

chromosome 16 and contains 1 embryonic zeta (δ), and 2 alpha (α1, α2)-globin genes. The 

hemoglobin molecules are consists of four subunits, two alpha polypeptide chains and two beta 

polypeptide chains; two alpha and two beta (α2β2) subunits in normal adult hemoglobin (HbA), 

two alpha and two delta subunits (α2δ2) in delta hemoglobin (HbA2), and two alpha and two 

gamma (α2γ2) subunits in fetal hemoglobin (HbF). 
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1.1.2. Pathophysiology of Sickle Cell Disease 

Sickle cell disease (SCD) is the most common monogenic blood disorder worldwide. 

SCD affects ~100,000 Americans, and millions more worldwide [2, 5]. SCD is caused 

by a single nucleotide change in the HBB, replacing a hydrophilic glutamic acid with 

a hydrophobic valine, at the sixth residue. The pathophysiological implications of 

this change are severe. The resulting hemoglobin S (HbS) polymerizes under 

hypoxic or acidic conditions [6], deforming the red cell into a rigid sickle shape with 

a reduced deformity and a shortened lifespan (Figure 2). This leads to chronic 

hemolysis and hemolytic anemia. In addition, damaged RBCs cause vaso- occlusion 

and recurring ischemic-hypoxic mediated sickling results in infarction, 

inflammation and nitric oxide scavenging [7]. The clinical results are a ~10% risk of 

stroke in childhood [8], near universal asplenia, frequent pain events, retinopathy, 

nephropathy, pulmonary artery hypertension [9], and an average lifespan in the 

United States of 30-40 years of age [10]. 

Despite being the first disease for which the molecular and genetic basis was 

known more than 60 years ago [1], treatment options for SCD remain very limited. 

Pharmacological therapy with hydroxyurea is ineffective in over half of patients 

[11], and chronic transfusion therapy may be difficult to sustain due to high rates of 

alloimmunization and iron overload [12, 13]. The only curative therapy for SCD is a 

hematopoietic stem cell transplant (HSCT), typically from a matched related donor, 

which is available to only ~15% of patients [14, 15]. Morbidity and mortality from 

HSCT increase significantly when using matched but unrelated donors [14, 15] or 
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haploidentical donors [16]. A recent prospective study of unrelated donor HSCT in 

SCD concluded that, without modifications to existing regimens, this therapy is not 

safe for widespread adoption [17]. Thus, new therapeutic approaches for SCD are 

desperately needed. 

 

Figure 2. β-globin gene mutation in SCD 

SCD is caused by a single nucleotide change in the HBB, replacing a glutamic acid with a valine. 

The resulting hemoglobin S (HbS) polymerizes under hypoxic conditions, deforming the red cell 

into a rigid sickle shape. 

1.1.3. Pathophysiology of β-Thalassemia 

β-Thalassemia is caused by mutations affecting all aspects of HBB expression 

including transcriptional mutations, mutations affecting RNA processing and 

stability, and mutations affecting translation and beta-globin stability. More than 

200 disease-causing mutations have been identified occurring on HBB promoter, 

exons, introns and untranslated regions (UTR) [3, 18]. Most of mutations are point 

mutations causing frameshift, but gross gene deletions were reported as well 

(Figure 3). In β-thalassemia disorders, the unbalanced globin synthesis and excess 



 
5 

of unpaired α-globin chains that precipitate within erythroid precursors lead to 

membrane toxicity and hemolysis. RBC destruction and inefficient erythropoiesis 

result in severe anemia and iron overload [3, 18]. The clinical phenotype ranges 

between the severe, transfusion-dependent β-thalassemia major, non-transfusion 

dependent β-Thalassemia intermedia, and β-Thalassemia minor with asymptomatic 

carrier state [18, 19]. Current treatments for the β-thalassemia are primarily 

supportive, including regular RBC transfusions, iron chelation and management of 

secondary complications of iron overload [3, 18]. 
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Figure 3. Allelic heterogeneity in β-Thalassemia 

β-Thalassemia is caused by mutations affecting all aspects of HBB expression including 

transcriptional mutations, mutations affecting RNA processing and stability, and mutations 

affecting translation and beta-globin stability. More than 200 disease-causing mutations have 

been identified occurring on HBB promoter, exons, introns and untranslated regions (UTR) [3, 

18]. Adapted from ―Thalassemia - From Genotype to Phenotype‖, by Y. Ghada et al, 2015, 

Inherited Hemoglobin Disorders, 13–33. 
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1.2. Therapeutic Genome Editing for β-

Hemoglobinopathiesm 

1.2.1. Autologous Hematopoietic Stem and Progenitor Cell 

Therapy 

To date, allogeneic hematopoietic stem cell transplantation is the only available cure 

for SCD and β-Thalassemia, but there are substantial treatment-related risks and 

complications [3, 18]. The average lifespan of patients has not improved over the 

last few decades since treatment options remain very limited [20]. Ex vivo 

engineering of autologous HSPCs followed by transplantation of genetically modified 

cells potentially provides a permanent cure applicable to all patients regardless of 

the availability of suitable donors and graft-vs-host disease [3, 18]. The results from 

allogeneic HSCT demonstrated that 20%-30% of donor chimerism can be curative in 

β-thalassemia patients [21]. It has been shown that as little as 2-5% of donor 

chimerism post allogeneic transplantation is adequate to ameliorate SCD-related 

symptoms in SCD patients providing the rationale for a gene therapy approach [14, 

22]. Sickle RBCs mature inefficiently and have shorter lifespans compared to normal 

RBCs, implying selective advantage of gene corrected HSPCs over sickle HSPCs in 

vivo. Thus, the correction of the SCD mutation in relatively few reconstituting HSCs 

could translate into a clinically meaningful level of RBC chimerism in peripheral 

blood [23]. 
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In the last 2 decades, gene therapy for β-hemoglobinopathies using a 

lentiviral-vector have been significantly improved and proven curative in animal 

models and pre-clinical studies. A self-inactivating (SIN) lentiviral vector encoding 

the human anti-sickling β-globin gene, LentiGlobin, is currently evaluated in clinical 

trials with transfusion dependent β-thalassemia and SCD patients for the efficiency 

and safety [24]. The recent report (2017) of the first SCD patient treated with 

LentiGlobin clinical trial using autologous HSPCs provided a proof of concept for this 

approach [25]. Most recently (2018), interim results from two lentiviral-vector 

based clinical trials in patients with SCD and β-thalassemia reported reduced need 

for long-term red cell transfusion without serious adverse events related to the 

treatment [26]. However, the use of lentiviral vectors poses potential risks such as 

generation of a replication competent lentivirus (RCL) capable of infecting non-

target cells, insertional mutagenesis leading to clonal dominance and genotoxicity 

[27]. Although the recent results from the lentiviral gene therapy clinical trials 

provide the promise of ex vivo engineering of autologous HSPCs, longer follow-up is 

required to confirm the durability of the efficacy and safety of lentiviral-vector 

based gene therapy. 

1.2.2. Therapeutics Genome Editing using CRISPR/Cas9 

With the advance in transgene and vector strategies and understanding of the 

genetics underlying diseases, gene therapy is becoming increasingly promising. 

Furthermore, the recent emergence of precision genome editing methodologies and 

high-throughput bioinformatics tools is making personalized medicine more 
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feasible and accessible. Especially, genome editing mediated by a clustered regularly 

interspaced short palindromic repeats (CRISPR)/ CRISPR associated 9 (Cas9) 

system holds great potential in a broad range of applications to study and treat 

human diseases. Most relevantly, the technology offers potential to permanently 

repair genetic mutations causing diseases through correction, deletion, addition, 

and disruption of the specific sequences mediated by targeted double stranded 

break (DSB) generation and non- homologous end joining (NHEJ) or homology 

directed repair (HDR). In HDR gene correction, the deleterious mutation is 

corrected by DSB followed by corrective HDR. In HDR gene addition, the therapeutic 

gene is introduced by DSB followed by HDR-mediated insertion. In NHEJ gene 

correction, a large deletion is created by a pair of DSBs. In gene disruption, the 

pathogenic protein is silenced by a DSB followed by a NHEJ-mediated indel mutation 

(Figure 4) [28]. 
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Figure 4. CRISPR/Cas9 genome editing strategies 

The technology offers potential to permanently repair genetic mutations causing diseases through 

correction, addition, deletion and disruption of the specific sequences mediated by targeted DSB 

generation and NHEJ or HDR repair.  

(A) In HDR gene correction, the deleterious mutation is corrected by DSB followed by corrective 

HDR.  

(B) In HDR gene addition, the therapeutic gene is introduced by DSB followed by HDR-

mediated insertion.  

(C) In NHEJ gene correction, a large deletion is created by a pair of DSBs.  

(D) In gene disruption, the pathogenic protein is silenced by a DSB followed by a NHEJ-

mediated indel mutation 
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There are several possible therapeutic genome editing strategies to 

ameliorate SCD and/or β-Thalassemia: (1) gene correction of the causative point 

mutation in HBB [29, 30], (2) gene addition of functional-globin cassette [24, 27, 31, 

32], (3) induction of fetal hemoglobin expression [33] (Figure 4). In SCD and most 

cases of β-thalassemia caused by a point mutation, the therapeutic gene correction 

can be achieved through the delivery of Cas9 reagents targeting the disease 

mutation and homologous donor template with the corrective sequences, resulting 

in the HDR mediated correction of the causative mutation (Figure 4A). However, 

allelic heterogeneity in β-thalassemia creates a new challenge as the gene correction 

strategy needs to be specifically designed for patients with a certain type of 

mutation. Thus, it is necessary to devise a broadly applicable genome editing 

strategy such as gene addition of functional-globin cassette (Figure 4B). 

Hereditary persistence of fetal hemoglobin (HPFH) is a benign condition 

caused by mutations within the beta globin gene cluster which results in elevated 

HbF levels in adulthood [34]. SCD or β-thalassemia patients with HPFH have milder 

clinical consequences [34]. Elevated levels of HbF are correlated with reduced 

morbidity and mortality [34]. With an improved understanding of the molecular 

basis of β-hemoglobinopathies and globin locus regulation, there is great interest in 

developing approaches to induce HbF expression for therapeutic purposes (Figure 

4C). Some experimental results have suggested that the HbF induction can be 

achieved by silencing HBG repressors [35] or mimicking beneficial HPFH mutations 

selectively in erythrocyte precursor cells [36]. In addition, identification of novel 

druggable HbF regulators is an active area of research [37]. 
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Previous studies have demonstrated the role of adenosine signaling in SCD 

suggesting that modulation of this pathway holds promise as novel mechanism-

based sickle cell therapeutics. Adenosine signaling via Adenosine A2b Receptor 

(ADORA2B) exacerbates sickling and SCD progression and inhibition of this 

signaling pathway reduced hypoxia-induced sickling, hemolysis and inflammation in 

Berkley SCD transgenic mice [38, 39]. There may be opportunities to develop novel 

anti-sickling therapeutic approaches for SCD. 

 

Figure 5. Therapeutic genome editing strategies for SCD and/or β-Thalassemia 

(A) gene correction of the causative point mutation in HBB 

(B) gene addition of functional-globin cassette 

(C) induction of fetal hemoglobin expression 
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1.2.3. Potential Hazards of Off-target Mutations Caused by 

CRISPR/Cas9 

Targeted genome editing using CRISPR/Cas9 can potentially provide a permanent 

cure for genetic disorders through precise sequence replacement facilitated by HDR. 

The monogenic disorders caused by a single point mutation or hematologic diseases 

such as SCD, are ideal candidates for ex vivo HSC gene therapy followed by 

autologous transplantation. However, there are many hurdles to clinical translation 

of therapeutic gene correction due to the off-target toxicity, lack of safe and efficient 

delivery methods, low efficiency of gene correction, and the efficiency of autologous-

HSCT using genetically modified HSPCs. The establishment of a gene correction 

approach for treating SCD is an engineering challenge in that optimization of the 

genome editing reagents, including the CRISPR/Cas9 system and donor template, as 

well as the delivery method is critical in achieving high efficacy and safety, and small 

improvements in each step would be key for crossing the threshold for feasibility of 

clinical translation. 

Genome editing creates new challenges, as it fundamentally differs in its 

mechanism of action compared to the conventional gene therapy. In contrast to the 

knock in or knock down gene therapy, which generally requires the continuous and 

long-term expression of therapeutic genes for treatment, permanent gene 

modification can be achieved with a single delivery of CRISPR/Cas9. Due to the 

tolerance for nucleotide mismatches between target DNA and guide RNA (gRNA), 

the utility of CRISPR-Cas9 systems for genome editing may be compromised by their 
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off-target activity [40-42]. The off-target activity of Cas9 nuclease can cause 

disruption of normal gene function and genome instability via large chromosomal 

rearrangements [43], which is of serious concern in human gene therapies, 

potentially leading to difficult-to predict side effects. Importantly, the long-term 

expression of Cas9 nuclease via plasmid and viral vectors in treated cells means 

there is a potential for off-target cleavages to accumulate over time [42]. Therefore, 

better systems for detecting and quantifying these aberrant events is needed to 

validate potential off-target sites and to aid in optimizing strategies to minimize off-

target mutations without sacrificing gene correction efficiency. In addition, a robust, 

rapid, high- throughput method for monitoring off-target events over time is 

necessary to assess the long- term toxicity, or off-target effects of the system 

especially for clinical applications of CRISPR- Cas9. Recent advances in off-target 

site identification using genome-wide unbiased methods such as Chip-Seq [44], 

GUIDE-Seq [45], BLESS [46], and END-Seq [47] has given rise to a new problem in 

off-target site validation. The current gold standard for quantifying Cas9 off-target 

activity is PCR amplification followed by next generation sequencing. This method 

allows for multiple sites to be assessed simultaneously with a high degree of 

sensitivity However, recent advances in CRISPR/Cas9 off-target site identification 

has revealed many sites that cannot be identified by deep sequencing due to a 

detection limit of 0.1% by deep sequencing for accurate indel calling [48, 49]. Next 

generation sequencing also has significant cost, long turnaround time, and requires 

the development of robust bioinformatics pipelines, all factors which are prohibitive 

to quickly screening samples. In addition, any gross chromosomal rearrangements 
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between an on- and off-target DNA break or two off-target DNA breaks cannot be 

identified by most methods and currently there are no existing methods for 

quantification of large chromosomal rearrangements induced by CRISPR/Cas9. 

For therapeutic genome editing, potential off-target effects need to be 

carefully analyzed, and significant challenges exist in both accurately predicting 

potential off-target sites and in performing genome-wide unbiased searches. As 

CRISPR/Cas9 moves towards the clinic there is a need for robust methods of patient 

follow up monitoring. In much the same way as many drug treatments have side-

effects it is reasonable to assume that CRISPR/Cas9 treatments will have some 

degree of off-target edits (side effects) that will require careful monitoring over time 

to ensure that these events do not have a proliferative effect. 

1.3. Project Overview 

1.3.1. Aim 1: Highly efficient editing of the β-globin gene in 

patient derived hematopoietic stem and progenitor cells to 

treat sickle cell disease 

Sickle cell disease (SCD) is a debilitating and painful disease and major cause of 

global mortality and health disparities. SCD is a monogenic disorder caused by a 

single nucleotide change in the β-globin gene. A novel approach to treating SCD 

involves the use of CRISPR/Cas9 and corrective donor templates that target the 

mutant β-globin gene locus and activates the homologous recombination pathway, 
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correcting the β-globin mutation in hematopoietic stem and progenitor cells 

(HSPCs). Subsequent engraftment of corrected HSCs will replace sickled cells with 

healthy red blood cells, improving patient outcome and curing SCD (Figure 6). We 

will investigate the specificity and efficiency of this approach by optimizing the 

delivery of sgRNA/Cas9 and a short single-stranded oligonucleotide template into 

patient derived HSPCs. Treated HSPCs will be characterized for β-globin gene 

correction and normal adult hemoglobin production; colony forming capacity in a 

liquid assay; and in vivo potential to reconstitute an irradiated immunodeficient 

mouse. Our goal is to demonstrate an efficient and safe therapeutic gene correction 

strategy with the potential for clinical translation. 

 

Figure 6. Autologous hematopoietic stem cell transplantation therapy 

Ex vivo engineering of autologous HSPCs followed by transplantation of genetically modified 

cells potentially provides a permanent cure applicable to all patients regardless of the availability 

of suitable donors and graft-vs-host disease. 
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1.3.2. Aim 2: Quantify unintended consequences of CIRSPR-Cas9 

therapeutic genome editing to treat β-hemoglobinopathies 

There are several gene editing strategies to ameliorate SCD including the curative 

correction of the SCD mutation on the beta-globin gene (HBB) or producing 

sufficient levels of fetal hemoglobin to overcome disease symptoms. Recent reports 

have demonstrated the therapeutic potential of CRISPR/Cas9 gene editing targeting 

HBB, gamma-globin gene, and B-cell lymphoma/leukemia 11A in patient HSPCs. 

Although after Cas9 cutting the majority of the on-target double-strand breaks 

result in small insertions or deletions of less than 20 bp long, it has been shown 

recently that large deletions and insertions can occur at the on-target cut-site as 

well as gross chromosomal rearrangements between on and off-target sites (Figure 

7). Short-range PCR amplification followed by Next Generation Sequencing cannot 

detect alleles containing large modifications and miss a substantial proportion of 

editing events, resulting in an incorrect understanding of genome editing outcomes. 

The goal of the proposed research is to develop and validate novel NGS based assays 

to quantitatively determine the degree of large deletions/insertions at the on-target 

cut site and the gross chromosomal rearrangements due to off-target cutting in SCD 

HSPCs. Using these assays, we will evaluate previously described CRISPR/Cas9 

mediated therapeutic genome engineering strategies in SCD patient HSPCs to study 

the challenges of detecting unintended repair outcomes and provide a more 

thorough characterization of repair outcomes. 
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Figure 7. Types of CRISPR/Cas9 repair outcomes 

Although after Cas9 cutting the majority of the on-target double-strand breaks result in small 

insertions or deletions (INDELs) of less than 20 bp long, it has been shown recently that large 

deletions and insertions can occur at the on-target cut-site as well as gross chromosomal 

rearrangements between on and off-target sites. 

1.3.3. Aim 3: HUDEP2 cell models with sickle or β-thalassemia 

mutation to test new therapeutic strategies 

Currently there is a lack of therapeutic options for patients with SCD and β-

thalassemia. This is, for an important part, due to the lack of reliable, reproducible, 

and physiologically relevant models which novel therapeutic strategies may be 

screened and validated. So far, there is no consistent in vitro system to test gene 

therapies and pharmacological molecules; whole patient blood or purified CD34+ 

HSPCs are most often used but subject to clinical variability and limited supply. 

Human Umbilical Cord Derived Erythroid Progenitor 2 cells (HUDEP2) are an 
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immortalized CD34+ hematopoietic stem cell derived erythroid precursor cell line 

that can differentiate into red blood cells. In this aim, we will use CRISPR/Cas9 to 

engineer sickle and/or β-thalassemia HUDEP2 cell models. We sought to establish if 

these engineered cell models exhibit disease phenotypes after in vitro erythroid 

differentiation and demonstrate that disease HUDEP2 models can be used to 

evaluate various CRISPR/Cas9-based strategies for therapeutic HbF induction or 

gene replacement as well as pharmacological drugs. Our goal is to create an in-vitro 

experimental system for efficient screening of novel therapies to treat β-

hemoglobinopathies. 

 

Figure 8. Cell models of SCD and β-thalassemia 

We will use CRISPR/Cas9 to engineer sickle and/or β-thalassemia HUDEP2 cell models. We 

sought to establish if these engineered cell models exhibit disease phenotypes after in vitro 

erythroid differentiation and test therapeutic strategies. Our goal is to create an in-vitro 

experimental system for efficient screening of drug candidates to treat β-hemoglobinopathies. 
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Chapter 2 

AIM1: Treatment of Sickle Cell Disease 

through Highly Efficient Editing of the 

Beta-globin Gene in Hematopoietic Stem 

and Progenitor Cells 

This chapter is comprised of author’s first-authored peer reviewed research 

publication [29] 

2.1. Introduction 

Sickle cell disease (SCD) is a devastating chronic illness marked by severe pain, end 

organ damage and early mortality [50, 51]. SCD is caused by a point mutation in the 

β-globin gene (HBB). A single nucleotide substitution converts glutamic acid to a 

valine that leads to the production of sickle hemoglobin (HbS). HbS polymerizes 

under hypoxic conditions which impairs the function of red blood cells (RBC) and 

markedly shortens their lifespan due to hemolysis [52]. SCD affects ~100,000 

Americans and millions more worldwide [2, 5]; however the average lifespan of 

individuals with SCD has not improved over the last few decades since treatment 
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options for SCD remain very limited [20]. Pharmacological therapy with 

hydroxyurea may modulate disease severity through induction of fetal hemoglobin 

(HbF) and reduction of HbS polymerization, but does not cure patients with SCD 

[53]. Chronic transfusion therapy may be difficult to sustain due to high rates of 

alloimmunization and iron overload [13, 54]. The only curative therapy for SCD is a 

hematopoietic stem cell transplant (HSCT), typically from a matched related donor, 

which is available to only ~15% of SCD patients [14, 15]. Morbidity and mortality 

from HSCT increases significantly when using matched unrelated donors [55], or 

haploidentical donors [56]. A prospective study of unrelated donor HSCT in SCD 

concluded that, without modifications to existing regimens, this therapy is not safe 

for widespread adoption [17]. Results from a recent lentiviral-vector based clinical 

trial of one patient with SCD using autologous hematopoietic stem cells (HSCs) 

showed the promise of gene therapy for SCD [25]. 

There are several possible genome editing based strategies to ameliorate 

SCD: (i) correction of the causative A-T point mutation in HBB via the homology-

directed repair (HDR) pathway [30, 57, 58], (ii) induction of fetal hemoglobin (HbF) 

via gene–disruption by non-homologous end-joining (NHEJ) [59, 60], and (iii) gene 

addition of an β-globin, γ-globin, or anti-sickling β-globin cassette [61]. Correction of 

the sickle cell disease mutation in human hematopoietic stem/progenitor cells 

(HSPCs) has been demonstrated with zinc finger nuclease [57]. Using S. pyogenes 

(Spy) Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and 

CRISPR-associated protein 9 (Cas9) [62, 63], DeWitt et al. demonstrated HBB gene 

editing in CD34+ HSPCs from patients with SCD (SCD HSPCs) by delivery of 
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ribonucleoprotein (RNP) complex of CRISPR guide RNA (gRNA) and Cas9 protein 

together with a single-stranded oligonucleotide (ssODN) template [64], with up to 

25% of alleles corrected with a high RNP dose (200 pmol)[58]. Injection of gene-

edited HSPCs from healthy persons into immunodeficient NOD/SCID/IL-2rgnull 

(NSG) mice showed engraftment at a level much higher than that with zinc finger 

nuclease (ZFN) mRNA with ssODNs for HBB gene editing [57], with a significant 

decrease in the percent HDR modified cells following transplantation. Dever et al. 

showed an average of 50% HBB gene correction rate in HSPCs from patients with 

SCD when delivering gRNA/Cas9 RNPs together with rAAV6 vector packaging a 

donor template consisting of a GFP expression cassette flanked by homology arms 

for HBB. With an HBB cDNA template packaged in rAAV6, an average of 11% HDR-

mediated gene correction rate was achieved in SCD HSPCs [30]. Engraftment of 

gene-edited HSPCs from healthy donors was demonstrated using immunodeficient 

NSG mice [30]. The studies by DeWitt et al. [58] and Dever et al. [30] employed the 

gRNA R-02 (or the truncated version of R-02) we previously described, which has a 

high on-target activity [65].  In both studies, the R-02 gRNA was found to induce 

high levels of off-target cutting in human HSPCs [30, 58]; however, in these studis 

genome-wide unbiased off-target analysis was not performed.  

In this study we systematically optimized the gRNA and ssODN template 

designs, quantified the gene editing rates in human CD34+ HSPCs from normal 

individuals and from the peripheral blood (PB) and bone marrow (BM) of patients 

with SCD, and performed a genome-wide unbiased analysis of off-target effects. In 

contrast to engraftment studies using gene-edited CD34+ HSPCs from healthy 
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persons [30, 58], we performed two engraftment studies using respectively gene-

edited CD34+ HSPCs derived from unmobilized peripheral blood and bone marrow 

of patients with SCD, aiming to provide more clinically relevant evidence on the 

feasibility of using CRISPR/Cas9 based gene-editing to treat SCD.  We found that 

gene-edited SCD HSPCs were able to engraft in the bone marrow of NSG mice and 

the corrected alleles were stable for up to 16-19 weeks post-transplantation. 

Compared with previous studies, our results provide important new insights into 

the opportunities and challenges of using gene editing based approaches to treat 

SCD, including the upregulation of fetal hemoglobin in gene-edited cells (especially 

those with HBB cutting only), gene conversion by the δ-globin gene (HBD), 

differences in engraftment of gene–edited CD34+ HSPCs from different sources (PB 

and BM) and different SCD patients, the risk of chromosomal rearrangements 

revealed by extensive off-target analysis, and the ability to significantly reduce off-

target effects by using an HiFiCas9 protein [66]; all may facilitate the translation of 

genome editing based SCD treatment into clinical practice.  

2.2. Results 

2.2.1. Optimization of gRNA designs targeting HBB   

We designed Spy CRISPR gRNAs targeting the first exon of HBB with varying 

proximity to the SCD mutation site and used the web-based search tool COSMID [67] 

to select 7 gRNAs with low numbers of potential off-target sites (Figure 9A). The off-

target cleavage at the region within the HBD locus (with high homology to the gRNA 



 
25 

target sequences) was analyzed by the T7E1 assay (Figure 9B). K562 cells, an 

erythroid leukemia cell line, were used for gRNA and gene-correction DNA template 

screening and optimization since it is a widely used model for studying gene 

transfer into human hematopoietic cells [68]. Plasmids expressing Spy Cas9 and 

individual gRNAs were delivered into K562 cells, which gave indel rates of 29–72% 

at HBB, with 3 gRNAs having high levels of off-target cutting (9–33%) at HBD 

(Figure 9B). In particular, the R-64 gRNA, which has a 1bp mismatch to HBD, had 

comparable activities at both HBB and HBD. The R-66 gRNA had 57% on-target indel 

rate and no observable off-target cutting at HBD. Compared with the R-02 gRNA 

which induces cutting 18 bp away from the SCD mutation site, R-66 generates a DSB 

1bp away from the sickle mutation (Figure 9A). It has been reported that the HDR 

rate decreases as the distance between targeted insertion site and the cut site 

increases [69-71]. R-66 gRNA thus may facilitate an increased level of gene 

correction using a short ssODN template [69, 72]. Therefore, although R-02 gRNA 

(and its truncated version) was used in recent studies of HBB genome editing in 

human HSPCs [30, 58], and the R-60 gRNA had a higher (72%) level of on-target 

activity, R-66 was chosen as the gRNA for use in subsequent studies. Two gRNAs, R-

66 and R-66 SCD, were designed with a single nucleotide difference to specifically 

recognize the wild-type (WT) allele and the sickle mutant allele (Figure 9A). 
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Figure 9. Design of gRNAs targeting the HBB locus close to the SCD mutation site 

(A)The target sites of Spy CRISPR gRNA designs near the first exon of HBB with varying 

proximity to the SCD mutation site (lower-case red). The blue capital letters represent 

homologous sequences, blue and black lower-case letter g indicates the addition of nucleotide G 

to the 5’ end of the 19 base pair guiding sequence, and the black letters indicate mismatches 

between HBB and the highly homologous HBD gene. For each target site, the PAM sequence is 

underlined. R-66 gRNA targets the WT HBB sequence and R-66 SCD gRNA targets the HBB 

sequence with SCD mutation. (B) Activity of gRNAs at HBB and HBD was measured by the 

T7E1 assay. Note that R-60 and R-66 gRNAs had high on-target indel rates and no observable 

HBD off-target cutting. n=2 biological replicates 
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2.2.2. Optimization of ssODNs to enhance HDR rate  

To test the gene correction approach using K562 cells, we introduced the sickle 

mutation into WT HBB using short (120–121 nt) ssODNs containing the A-T 

mutation (Table 2). These ssODNs were tested in K562 cells together with plasmid 

encoding SpyCas9 and R-66 gRNA.  We designed ssODN templates corresponding to 

the gRNA target (t) strand or to the non-target (nt) strand (Figure 10A) to 

investigate the effect of strand preference on HDR rates. We first tested the SCDunt0 

ssODN, a non-target strand template with the A-T mutation (Figure 10A) in K562 

cells. The SCDunt0 ssODN is asymmetrically positioned, with the homology arms 33 

nucleotide proximal and 87 nucleotide distal to the Cas9 cutting site (Figure 10A). 

Deep sequencing results of the HBB locus were analyzed by CRISPResso to 

determine the outcomes of genome editing [73]. The SCDunt0 ssODN induced a HDR 

rate of 9.3%, with a re-cutting rate of 8.3% of the integrated ssODN template (Figure 

10B). Re-cutting of the target sequence was measured as mixed HDR-NHEJ alleles 

which show additional indels at the cut site, consistent with sequential cleavage and 

NHEJ repair of HDR-edited alleles [73]. We hypothesized that introducing 

mismatches in the ssODN donor template within the sequence corresponding to the 

gRNA-specific PAM-proximal region can prevent re-cutting of the HDR-edited 

alleles, owing to the reduced affinity between gRNA and target sequence. To reduce 

the target sequence homology after ssODN insertion, we designed eight 121-nt non-

target strand ssODNs (SCDcnt1 to SCDcnt8) which are centered with respect to the 

cutting site, have different numbers and locations of silent mismatches (MM) within 
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the gRNA target region thus are not complementary to the gRNA (Figure 10A). As 

expected, ssODN templates with multiple mismatches prevented the re-cutting of 

HDR-modified alleles (Figure 10B). However, with the number of mismatches >2 in 

the ssODN template or putting the mismatches further away from the cutting site 

resulted in reduced HDR rates (Figure 11). We found that, of the 8 ssODN templates 

tested (SCDcnt1 to SCDcnt8), SCDcnt5, a non-target strand ssODN centered with 

respect to the cutting site and containing two consecutive mismatches (sickle 

mutation and silent mutation) next to the cutting site gave the highest HDR rate 

(23.6%) (Figure 10B).  

In a parallel experiment to optimize the ssODN templates, we tested 3 pairs 

of templates, all with 3 mismatches based on the SCDcnt6 ssODN. Each pair had one 

target strand template and one non-target strand template, and was either 

symmetrically or asymmetrically positioned with respect to the cut site [64] (Figure 

10A). We found that SCDct6, a target strand ssODN symmetric with respect to the R-

66 cutting site, gave the highest HDR rate (28.3%) (Figure 10C). Therefore, 

combining the results of two studies on template design, we concluded that, SCDct5, 

the target strand ssODN symmetric with respect to the R-66 cut site with 2 

mismatches is optimal. The optimal design of ssODN template is likely dependent on 

the sequence to be replaced and the direction of transcription relative to the PAM 

orientation [74]. In all subsequent studies, we used the SCDct5 and SCDct5-wt 

respectively for inducing or correcting the sickle mutation in HBB. Since K562 is 

triploid for the HBB locus and has a silent C/C/T SNP (rs713040) located 11 bases 

upstream of the SCD mutation site, we tested ssODN templates containing either a C 
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or T at this location but did not observe any difference in the HDR rate in K562 and 

normal CD34+ cells (data not shown). Therefore, we decided to incorporate a C at 

this position in the ssODN sequence for subsequent experiments, since in the 

African population rs713040 is 78.2% C/C, 20.3% C/T and 1.5% T/T (34) (Table 2). 

As predicted, all patients with SCD in this study had a C/C genotype at this location.  

In order to determine the optimal amount of ssODN templates for gene 

correction, K562 cells were electroporated with 0 to 5 µM (0-100 pmol) of SCDct5 

ssODN templates, along with the optimized amount of plasmid encoding Cas9 and R-

66 gRNA, or the corresponding RNP. Cells were harvested 72 hours post-

electroporation. The allele frequencies of HDR, NHEJ and no-cutting (WT) events 

were quantified by the probe-based ddPCR assay (Figure 12. Design and validation 

of ddPCR assay for quantification of on-target modifications.). With the plasmid 

encoding Cas9/R-66, 0.5 µM (10 pmol) of ssODN donor template induced the 

highest HDR rate (Figure 10D). With the Cas9/R-66 RNP, 5 µM (100 pmol) of ssODN 

template induced the highest level of HDR (Figure 10E), which was used in all 

subsequent experiments in CD34+ HSPCs. Dose response studies in normal CD34+ 

HSPCs revealed that, although high doses of ssODN template may increase HDR 

rates, it could also cause short-term toxicity (Figure 13A, B).  
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Figure 10. Optimization of ssODN DNA template designs for gene correction 
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To test the gene correction approach using K562 cells, we introduced the sickle mutation into 

wild-type (WT) HBB gene using short ssODNs containing the A-T mutation.  

(A) Schematic of ssODN template designs near the SCD locus (with black showing the single 

base mutated in SCD). Initially 11 ssODN templates not complementary to the gRNA (non-target 

strand shown in blue) and 3 ssODN templates complementary to the gRNA (target strand shown 

in orange) were designed, which contain the sickle mutation (red box) and different numbers and 

locations of silent mismatches (yellow box). The vertical black line (position zero) indicates the 

Cas9 cut site and the numbers on the x-axis indicate the number of nucleotide from the cut site. 

These ssODNs were tested in K562 cells together with plasmid encoding SpyCas9 and R-66 

gRNA. The R-66 gRNA sequence is shown in blue (with the WT base T in black indicating the 

SCD mutation site), and the PAM sequence is shown in orange and underlined.  

(B) The eight ssODN templates (SCDcnt1- SCDcnt8) with varying number of mismatches 

prevented the re-cutting of HDR-modified alleles. Re-cutting of the target sequence was 

measured as mixed HDR-NHEJ alleles which show additional indels at the cut site, consistent 

with sequential cleavages initially repaired by HDR and subsequently by NHEJ. Note that 

SCDcnt5 ssODN centered with respect to the cutting site and containing two consecutive 

mismatches next to the cutting site was the best in terms of having a high HDR rate and low 

retargeting rate. Editing outcomes were measured by NGS. Data shown is representative of n=2 

biological replicates.  

(C) Six different ssODN template designs based on SCDcnt6 were tested, and SCDct6, a target 

strand ssODN symmetric with respect to the R-66 cutting site, gave the best performance. The 

frequency of HDR was measured by NGS. Data shown is representative of n=2 biological 

replicates. Combining with the results in (B) and (C), the best sickle ssODN template is SCDct5. 

(D-E) To identify the optimal ssODN concentration, K562 cells were electroporated with 0 to 5 

μM (1-100 pmol) of SCDct5 ssODN along with (D) the plasmid encoding Cas9 and R-66 gRNA, 

or (E) the corresponding gRNA/Cas9 RNP. The allele frequencies of gene correction (HDR), 

Cas9 cutting but no ssODN integration (NHEJ) and no cutting (WT) events were quantified by 

ddPCR (Supplementary Figure S1). Note that 0.5 μM (10 pmol) and 5 μM (100 pmol)  ssODN 

gave the highest level of HDR with plasmid and RNP delivery, respectively. 
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Figure 11. Mutation position distribution of HDR 

We tested eight 121-nt long non-target strand DNA templates (SCDcnt1 to SCDcnt8) with 

different numbers and locations of silent MMs. These ssODNs were tested in K562 cells together 

with plasmid encoding Spy Cas9 and R-66 gRNA. Deep sequencing data of the HBB locus was 

analyzed by CRISPResso1 to accurately determine the outcomes of genome-editing.  The y-axis 

indicates %HDR events at the SCD mutation site. Increasing the number of MMs in the ssODN 

donor or putting the MMs further away from the cutting site resulted in reduced HDR rates. 
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Figure 12. Design and validation of ddPCR assay for quantification of on-target 

modifications. 

(A) The probe-based ddPCR assay consists of a primer pair and three probes, a reference probe 

(FAM) binding distant from the target site but still within the amplicon, a wildtype probe (FAM) 

binding at the unmodified target site, and a HDR probe (HEX) binding to HDR modified alleles. 

In a 2-dimensional plot of the ddPCR analysis, droplets containing signals from both reference 

and HDR probes represent HDR alleles, droplets containing signals from the reference probe and 

WT probe represent WT alleles, and droplets containing only reference probe signal represent 

NHEJ alleles. The primer and probe sequences are provided in Supplementary Table S5.  

(B) ddPCR plots showing HDR/HDR, HDR/NHEJ, NHEJ/NHEJ and WT/NHEJ  genotypes of 

single-cell derived colonies. For single cell-derived clones, the assay reliably detected the 

genotypes.  
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(C-E), we tested the performance of the assay by using plasmids containing WT, NHEJ (-1 

deletion) and HDR sequences mixed at known molar ratios.  

(C) Linearity of mutation detection across dilution series.  

(D) Percentage of WT template was kept constant and HDR and NHEJ templates were added at 

known percentages. The expected percentages of HDR alleles were plotted along with the 

measured allele frequency.  

(E) The lower limit of detection of the HDR template was estimated using a dilution series of the 

plasmid DNA. ddPCR assay can reliably measure the copy number of HDR alleles in the range of 

10-50000.  

(F) The expected percentages of HDR alleles were plotted along with the measured data. 

CRISPR/ssODN-induced HDR mutations can be detected when present at frequencies as low as 

0.05% in a mixed background of WT and NHEJ sequences. 
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Figure 13. Optimization of genome editing conditions in CD34+ HSPCs 

Frozen WT CD34+ cells from mobilized peripheral blood were thawed and cultured in expansion 

phase for 2 days before electroporation. 2 x 105 CD34+ cells were electroporated with 5 µg (30.5 

pmol) of WT SpyCas9 protein, 2.5 µg (73.4 pmol) of chemically synthesized R-66 gRNAs and 0-

5 µM (0-100 pmol) of SCDct5 ssODN in (a,b), and 5 µM of SCDct5 ssODN in (c-e).  

(A,B) ssODN dose response studies demonstrated that higher doses of ssODN caused dose-

dependent increase in HDR and short-term toxicity.  

(C,D) The genome editing efficiency of commercially available SpyCas9 proteins in combination 

with custom synthesized R-66 gRNAs was tested (Cas9/gRNA). The optimal reagents were 

determined based on (c) frequency of editing events at 72hrs post electroporation and (d) cell 
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viability at 24hrs and 48hrs post electroporation. The cell count and viability were measured 

using trypan blue dye, 0.4% solution and T20 Automated Cell Counter. Data shown are 

representative of n=2 biological replicates. LT = Life Technologies, FT= Feldan Therapeutics, 

IDT = IDT DNA Technologies. Synthetic gRNA with chemical modifications (2’-O-methyl 3’-

phosphorothioate modification at the three terminal positions at both the 5’ and 3’ ends) was 

sourced from TriLlink whereas synthetic crRNA:tracrRNA duplexes without modifications were 

sourced from IDT.  

(E) Mock-treated or with RNP delivery using electroporation did not affect the cell viability 

compared to non-electroporated control cells. Moderate toxicity was observed upon co-delivery 

of both RNP and ssODN. The short-term toxicity was most evident with the delivery of ssODN 

alone. In this experiment the Cas9 protein was from Feldan Therapeutics and gRNA was from 

TriLink Biotechnologies. 

2.2.3. Targeted HBB gene modification in normal CD34+ HSPCs 

 

Figure 14. HBB gene correction in normal CD34+ HSPCs. 

To quantify HBB editing, both untreated CD34+ cells as control and CD34+ HSPCs treated with 

R-66 RNP and SCDct5 ssODN were assayed as single cell clones and in bulk culture. Normal 
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CD34+ HSPCs were thawed and cultured in expansion media for two days before electroporation. 

Three days post-electroporation cells were transferred to differentiation phase.  

(A) In two-phase liquid culture, HBB editing frequencies were quantified by ddPCR to confirm 

persistence of editing in CD34+ cells in the heterozygous population over a 4-week period (4 days 

in expansion phase followed by differentiation phase). Only small fluctuation in gene editing 

rates was observed. The frequencies of HDR, WT and mutagenic NHEJ alleles were measured by 

ddPCR. Mean with SE error bars from n=2 biological replicates.  

(B) The gRNA/Cas9 RNP and ssODN treated CD34+ HSPCs that gave gene editing rates of 28% 

HDR, 31% WT and 41% NHEJ in bulk were used for the colony formation assays (CFU) 

followed by genotype characterization. The distribution of five genotypes in edited cells was 

determined by colony ddPCR performed on 43 BFU-E colonies, revealing that 35% of the 

colonies had HDR-mediated gene correction, with 12% of colonies homozygous and 23% 

heterozygous for gene-corrected alleles.  

(C) HPLC traces showing hemoglobin production after 21 days differentiation of normal CD34+ 

HSPCs edited with R-66 RNP and SCDct5 sickle ssODN as compared with mock-treated cells 

and cells treated with R-66 RNP only.  

(D) Quantitation of HbS, HbA, HbF, and HbA2 protein levels based on HPLC, indicating induced 

HbS in cells differentiated from gene-edited normal HSPCs. Note the increase in HbF and HbA2 

levels in cells from both HSPCs treated with RNP only and HSPCs treated with both RNP and 

ssODN. 

We next quantified the genome editing efficiency in CD34+ cells derived from 

peripheral blood of normal individuals using commercially available Spy Cas9 

proteins complexed with chemically synthesized R-66 gRNAs. Normal CD34+ HSPCs 

were thawed and cultured in expansion media for two days before electroporation. 

CD34+ HSPCs were electroporated with 100 pmol of SCDct5 ssODN templates, along 

with 5 µg (30.5 pmol) of Cas9 protein, and 2.5 µg (73.4 pmol) of R-66 gRNA. At 72 

hours post electroporation, the cells were harvested and analyzed for editing 

frequency via ddPCR. Single gRNA which contains 2’-O-methyl 3’-phosphorothioate 

at the three terminal positions at both the 5’ and 3’ ends (TriLink BioTechnologies) 

enhanced HDR efficiency in CD34+ cells compared to the unmodified 

crRNA:tracrRNA duplex gRNA [75] (Figure 13C, D). The HDR rate in CD34+ HSPCs 
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was 22%, with high viability (~90%) post- electroporation with optimized 

conditions (Figure 13C, D). Only a low level of toxicity was observed when RNPs and 

ssODN were co-delivered using electroporation, and delivering RNPs did not affect 

cell viability compared to controls; toxicity was evident only with the delivery of 

ssODN alone (Figure 13E).  

 Normal CD34+ HSPCs were assayed as both single cell clones and in bulk 

culture with and without (as control) delivery of the optimized genome editing 

reagents. The editing frequencies at the genomic level persisted over a 4-week 

period in differentiation culture (Figure 14A), and colony forming unit (CFU) assay 

confirmed that the CD34+ HSPCs treated with gRNA/Cas9 RNP and ssODN template 

retained differentiation potential (Data not shown). To analyze how editing 

frequencies in the bulk HSPC population translate to the zygosity in individual 

HSPCs, genotype of the single-cell derived burst-forming unit-erythroid (BFU-E) 

colonies was assessed by colony ddPCR assay. The allele frequency in the starting 

culture was 28% HDR, 31% WT and 41% NHEJ. Colony genotyping of gene-edited 

cells revealed that 35% of the colonies showed ssODN template mediated HDR, with 

12% of colonies homozygous for HDR alleles and 23% heterozygous with a single 

HDR allele (Figure 14B, Figure 15B) which were different from the expected 

frequencies of 8% homozygous HDR and 40% heterozygous HDR predicted by 

multi-allele Hardy-Weinberg equation (p2+2pq+q2+2pr+2qr+r2=1) (Figure 15)[76]. 

This deviation from the Hardy-Weinberg equilibrium is most likely due to the 

unequal distribution of HDR and NHEJ alleles in the cell population. Interestingly, 

we did not observe any colonies with a WT/HDR heterozygous genotype indicating 
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that correction of one allele in the presence of a second unmodified allele is rare. 

The HDR allele frequencies in BFU-E colonies (23%) were comparable to that 

predicted based on the editing frequencies in the bulk starting culture (28%), 

demonstrating erythroid differentiation potential of gene corrected HSPCs (Figure 

15B). CD34+ HSPCs were differentiated for 14-21 days prior to protein extraction. 

HPLC and native PAGE analysis of erythroid cells confirmed the production of HbS 

as a result of HBB gene editing in normal CD34+ cells after delivery of gRNA/Cas9 

RNP and ssODN template containing the sickle mutation (Figure 14C-D; Figure 15C). 

The band observed at the HbS migration position in cells treated with RNP only is 

hemoglobin Leiden (α2β6/7-Glu) resulting from an in-frame 3 bp deletion, which is the 

predominant type of indel induced by the R-66 gRNA in CD34+ HSPCs (36)( Figure 

15C-E). These results demonstrate that site-specific modification of the HBB gene in 

CD34+ HSPCs can be realized with a high HDR rate.   
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Figure 15. Characterization of differentiated normal CD34+ HSPCs 

Normal CD34+ HSPCs were assayed as both single cell clones and in bulk culture.  
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(A,B) Allele frequency in starting culture used for the colony formation assay was 28% HDR, 

31% WT and 41% NHEJ. 43 colonies were genotyped by ddPCR and total of 23% HDR alleles 

were found among 35% colonies. The measured allele frequency based on colony genotyping 

(23% HDR, 21% WT and, 56% NHEJ) is comparable to the predicted allele frequency based on 

the starting culture.  

(C) Representative native PAGE gel showing HbS production and HbA2 and HbF induction in 

normal CD34+ cells treated with R-66 RNP and a ssODN containing the SCD mutation. The band 

observed at the HbS migration position in RNP only treated sample is hemoglobin Leiden 

(α2β26/7-Glu) from 3 bp in-frame deletion. The reference is shown in Lane 1 (AFSC control 

containing mix of HbC, HbS, HbF and HbA). HbA2 runs with HbC on native PAGE gel.  

(D) TIDE assay was used to identify indels and their frequencies. Indel distribution of R-66 RNP 

treated normal CD34+ HSPCs showed that 3 bp in-frame deletion is the predominant type of indel 

(41.5%).  

(E) Types of 3 bp deletions that result in hemoglobin Leiden production. The PAM sequence is 

shown in blue letters. The SCD mutation position is shown in green letter. The target site of R-66 

gRNA is underlined. Deleted nucleotides are shown by dashes. 

2.2.4. HBB gene correction in SCD patients’ unmobilized 

peripheral blood-derived CD34+ HSPCs 

To determine the efficacy of HBB gene correction in CD34+ HSPCs derived from 

patients with SCD (with HBB genotype SS), CD34+ HSPCs were purified from 

patients’ unmobilized peripheral blood samples using a microbead kit. The R-66 

SCD gRNA that targets the HBB sequence with SCD mutation was used instead of R-

66 gRNA (which targets the WT HBB sequence) (Figure 9A). Co-delivery of 

gRNA/Cas9 RNP and SCDct5-wt ssODN into SCD CD34+ HSPCs from 5 different 

patients resulted in 24.5 ± 7.6% allele-specific gene correction (Figure 16A) without 

changing cell growth rate or viability compared with mock-treated and untreated 

cells. The HBB gene had 41.9 ± 6.4% NHEJ-induced indels in SCD HSPCs treated with 

gRNA/Cas9 RNP and ssODN, and SCD HSPCs treated with RNP without ssODN had 

81 ± 12% NHEJ. To determine the genotype of gene-edited cells, colony ddPCR was 

performed on 83 colonies from the starting culture that had 37.18% HDR (Figure 

16A), indicating that 43% of colonies (24% HDR/HDR, 19% HDR/SCD) have at least 

one allele gene corrected due to ssODN template integration (Figure 17A,B). 
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Further, CRISPR/Cas9 cutting of HBB in SCD HSPCs induced DNA repair using the 

homologous sequences from HBD as an endogenous template (>90% sequence 

homology with HBB). The HBD footprints left in the repaired HBB locus was used to 

map the conversion track showing the decreasing conversion rate with increasing 

distance to the Cas9 cut site (Figure 16B and Figure 17C,D). Because HBD does not 

carry the sickle mutation, the gene conversion between the HBB sequences in the 

vicinity of the target locus and the homologous region in HBD resulted in 1.6 ± 0.6% 

additional T to A gene correction mediated by HBD conversion in cells with RNP 

treated cells and 1.3 ± 0.4% in RNP and ssODN treated cells (Figure 16B and Figure 

17C,D). The gene correction mediated by HBD conversion (GtG to GaG) can be 

distinguished from ssODN-mediated HDR which introduces additional silent MM 

(GtG to Gaa). The majority of HBD conversion events (76 ± 13%) result in repair of 

the sickle mutation only and these are expected to be therapeutic events. However, 

we also observed low frequency alleles (.3 ± .2%) with partial gene-conversion 

which generates a chimeric HBB-HBD gene with up to three missense mutations 

(codon 9, 12 and 22) with minimal differences in amino acid chemistry (Figure 16B 

and Figure 17D).  

To test if SCD phenotype can be reversed by gene editing at HBB, we induced 

erythroid differentiation of the gene-edited SCD CD34+ HSPCs, examined the red 

blood cell (RBC) progeny, and quantified the normal HbA protein levels by HPLC. 

Compared with mock-treated cells, SCD CD34+ HSPCs treated with RNP and ssODN 

induced a high level (25.3 ± 13.9%) of HbA protein expression (Figure 16C-E). We 

found that SCD CD34+ HSPCs from transfusion dependent patients’ peripheral blood 

expressed low HbA protein level (5.3 ± 1% in mock), and SCD HSPCs cells treated 

with RNP only showed an increased level of HbA (9.9 ± 3%) compared to mock-

treated cells as a result of the sickle mutation correction via HBD conversion and 

removal of HbS (Figure 16C-E). We also observed a very strong correlation 

(R2=0.9374) between HBB indel rates and the change in HbF percentage compared 

to mock-treated cells (Figure 18A). The percentage of HbF positive cells (F-cells) 

and F-cell Mean Fluorescent Intensity (MFI) increased in cells from RNP treated SCD 
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HSPCs (Figure 18B,C). In particular, the ratio of γ-globin to α-globin level in cells 

from SCD HSPCs treated with both gRNA/Cas9 RNP and ssODN increased by 1.8-

fold, and that from SCD HSPCs treated with RNP only increased by 2.8-fold 

compared to mock-treated cells (Figure 16E), suggesting that HBB disruption could 

lead to increased production of γ-globin chains (Gγ and Aγ). Increase in γ-globin 

chains restored the overall balance of β-like globin to α-globin chains (Figure 16E), 

which may help maintain the total hemoglobin level in cells from SCD HSPCs treated 

with RNP and ssODN. The representative RP-HPLC plot and relevant peak 

quantification are shown in Figure 18D-E. Further, we found that targeting the HBB 

intron region did not change HbF level, suggesting that the increase in HbF 

percentage is due to the loss of HBB expression. However, the consequences of 

inducing indels near the HBB sickle mutation in SCD CD34+ HSPCs merit further 

investigation.  

Under deoxygenated conditions, the hemoglobin of patients with SCD (HbS, 

α2βS2) forms rigid polymers [1]. Addition of HbF to the growing HbS polymer 

terminates the chain; therefore, either replacing HbS with HbA through gene 

correction, or increasing HbF concentrations in the cell can prevent sickling [77]. 

HbF concentrations of 20% or higher have been shown to significantly reduce 

clinical complications of SCD, and prevent sickling in vitro [78]. To determine the 

anti-sickling effect of HBB gene correction and HbF induction on RBCs, SCD HSPCs 

were differentiated in a serum-free two-phase culture system for 4 weeks. At day 

28, sickled RBCs were counted and their percentage determined. These cultured 

cells represent orthochromoblasts, not mature RBCs [79]. Orthochromoblasts are 

larger, reducing the intracellular hemoglobin concentration compared to mature 

RBCs, and are not enucleated; they therefore do not sickle to the same extent as a 

circulating RBC. We found that, compared with mock-treated cells, the average 

amount of sickled RBCs resulting from gene-edited SCD HSPCs decreased from 7.3% 

to 0.1% in CD34+ cells treated with both RNP and ssODN, and those treated with 

RNP only (Figure 16F). This demonstrates that removal of sickle alleles by Cas9 

cutting (81 ± 12% indel rate) is sufficient to prevent RBCs from sickling as a result 
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of delivering RNP only to SCD HSPCs cells. However, the presence of the ssODN 

donor is essential for correcting the sickle alleles to a functional sequence and 

restore normal adult hemoglobin expression (Figure 16D-E). 

 

Figure 16. HBB gene correction in SCD patient-derived CD34+ HSPCs. 

To determine the efficacy of HBB gene correction in CD34+ HSPCs derived from SCD patients, 

CD34+ HSPCs were purified from patients’ unmobilized peripheral blood samples.  The R-66 
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SCD gRNA that targets the HBB sequence containing the SCD mutation was used, along with the 

anti-sickling SCDct5-wt ssODN template for gene correction.  

(A) The results of HBB gene correction in CD34+ HSPCs from five SCD patients using 

gRNA/Cas9 RNP and SCDct5-wt ssODN. The frequencies of HDR, WT and NHEJ alleles were 

measured by ddPCR. Each data point shown corresponds to editing in cells from a particular SCD 

patient.   

(B) CRISPR/Cas9 cutting of HBB induced a DNA repair using the homologous sequences from 

the HBD gene as an endogenous template, resulting in T-A SCD mutation correction 

(Supplementary Figure S7). Each data point shown corresponds to the average editing in cells 

from six SCD patients.   

(C) HPLC trace showing hemoglobin production after 21 days of differentiation of SCD HSPCs 

edited with R-66 SCD RNP and SCDct5-wt anti-sickling ssODN, as compared with mock-treated 

cells and cells treated with R-66 SCD RNP only.   

(D) Quantification of HbS, HbA, HbF, and HbA2 protein levels measured by HPLC, indicating a 

significant reduction in HbS and an increased level of HbA in cells differentiated from gene 

edited SCD HSPCs with RNP and ssODN. Note the low level of HbA (5.3 ± 1%) in mock-treated 

cells because CD34+ cells were acquired from the peripheral blood of SCD patients undergoing 

therapeutic red cell exchange. SCD HSPCs treated with RNP only showed an increased level of 

HbA (9.9 ± 3%) compared to mock-treated cells as a result of the sickle mutation correction via 

HBD conversion. Data obtained using CD34+ HSPCs from 5 different SCD patients.  

(E) Quantitation of globin chain ratios using Reverse phase (RP)-HPLC. Globin chain ratios are 

shown for SCD HSPCs treated with mock conditions, RNP-only, and with RNP and ssODN. 

Note that SCD HSPCs treated with RNP and ssODN did not alter the overall balance of β-globin-

like chains to α-globin chains compared to mock-treated cells (n=3, no statistical significance, 

unpaired t-test). The sickle β-globin (βS) and WT β-globin (βA) are not distinguishable by RP-

HPLC. The representative RP-HPLC plot and relevant peak quantification are shown in 

Supplementary Figures S8d, e. Data shown are representative of n=3 biological replicates from 

one SCD donor.  

(F) After 21 days of differentiation of gene-edited SCD HSPCs, the amount of sickle cells was 

quantified and their percentage determined, indicating a dramatic decrease in the amount of sickle 

cells as a result of gene editing. 
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Figure 17. SCD CD34+ HSPCs colony genotype and HBD conversion 

(A,B) Peripheral CD34+ HSPCs from patients with SCD were treated with R-66 SCD RNP and 

SCDct5-wt ssODN. Allele frequency in starting culture used for the colony formation assay was 

37% HDR, 15% WT and 48% NHEJ. 83 BFU-E colonies were genotyped by ddPCR. The 
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measured allele frequency based on colony genotyping was compared to the predicted allele 

frequency based on the starting culture. Total of 34% HDR alleles were found among 43% 

colonies.  

(C) R-66 SCD generates a DSB 1bp away from sickling mutation. CRISPR/Cas9 cutting of HBB 

induced a DSB repair using the homologous sequences from the HBD gene as an endogenous 

template which bears >90% sequence homology with the HBB. Because HBD does not carry the 

sickle mutation, the gene conversion between the HBB sequences in the vicinity of the target 

locus and the homologous region in the HBD resulted in additional T to A gene correction.  

(D) Sequence alignment of the first exon of HBBs and highly homologous HBD. On the HBBs 

sequence, the red letter represents the SCD mutation and the MMs between HBB and HBD are 

marked with asterisk and locations of MMs relative to the cutsite are shown on top. HBD(-2) 

represents the HBB allele with HBD conversion-mediated SCD mutation correction at position -2. 

HBD(7)-HBD(47) represent the HBB alleles with the SCD mutation correction along with the 

additional HBD conversion. The green letter represents WT at SCD mutation site, and the blue 

letters indicate MMs between HBBs and HBD. The PAM sequence is shown in orange letters. 

The target site of R-66 SCD gRNA is underlined. The codon change due to HBD conversion is 

highlighted in yellow.  
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Figure 18. Increased HBG level with HBB gene disruption in SCD CD34+ HSPCs.  

Peripheral CD34+ HSPCs from patients with SCDwere treated with R-66 SCD RNP and SCDct5-

wt ssODN. The cells were cultured in differentiation media for 3-4 weeks until assayed for globin 

expression through HPLC, RP-HPLC. HbF positive cells (F-cells) were quantified via flow 

cytometry.  

(A) The correlation between the rate of Cas9 cutting (%NHEJ) and increase in HbF percentage 

measured by HPLC using cells from SCD HSPCs treated with RNP only and those treated with 

RNP + ssODN. (Increase in %HbF = %HbF in treated cells - %HbF in mock cells from each 

patient).  
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(B,C) Differentiated cells were fixed/permeabilized, and stained with FITC-conjugated HbF 

antibody and the %HbF positive cells (b) and the MFI of HBF positive cells (c) was determined 

by flow cytometry.  

(D) Quantification of the RP-HPLC plot showing βS chain reduction and Gγ and Aγ-chain 

induction in SCD CD34+ cells treated with RNP. The ratios between the γ-chain to the α-chain 

((Gγ+Aγ)/α) are reported in Figure 4e.   

(E) Representative RP-HPLC plot for RNP, RNP+ssODN and mock treated cells. The percentage 

of the globin chains shown here is based on all the peaks including the injection peaks around 2 

min. For (b-d), data shown are representative of n=3 biological replicates. The on-target editing 

rates in these cells were: 87.4 ±0.5% NHEJ in RNP and 39.6 ±1.8% HDR, 51.6 ±2.4% NHEJ in 

RNP+ssODN.  

2.2.5. Evaluation of off-target effects in gene edited CD34+ HSPCs 

from patients with SCD  

Although CRISPR/Cas9 systems can have highly efficient gene editing at the 

intended target site, off-target cutting may occur due to the tolerance for base 

mismatches, small insertions and deletions between DNA sequences in the genome 

and the intended 20-nt gRNA target sequence [63, 65, 80, 81]. The off-target cutting 

activity of Cas9 nuclease can cause disruption of normal gene function via NHEJ 

mediated indels, as well as genome instability via large chromosomal 

rearrangements [43], which is of serious concern in therapeutic applications of 

genome editing.  We used a web-based in silico off-target search tool COSMID [67] to 

identify potential off-target sites for the R-66 SCD gRNA and the top-ranked off-

target sites were labeled as OT1–OT57 (Table 3). For the R-66 SCD gRNA, we further 

used a genome-wide, unbiased off-target search tool GUIDE-Seq (Genome-wide 

Unbiased Identification of DSBs Enabled by Sequencing) [82] to identify its off-

target sites in U2OS cells (Figure 19A and Table 4). All the GUIDE-Seq identified off-
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target sites, including GS_02 (OT18), GS_03 (OT1), GS_04 (OT12), GS_05 (OT10) and 

GS_06 (OT9), were among those predicted by COSMID (Table 4). After delivering the 

RNP of R-66 SCD gRNA with WT Cas9 into peripheral blood SCD CD34+ HSPCs, the 

off-target activity at the 57 COSMID predicted sites (including the 5 GUIDE-Seq 

identified sites) were quantified at Day 2 and Day 12 post-electroporation using 

rhAmpSeq™ (Integrated DNA Technologies), a multiplexed, Rhase-H2-dependent 

PCR amplification-based, targeted enrichment NGS approach [83](45), which 

allowed for multiple sites to be assessed simultaneously with high sensitivity. Of the 

57 COSMID-identified potential off-target sites, we found that 7 sites (OT18, OT1, 

OT12, OT2, OT34, OT3, OT9) were true off-target sites with detectable activity (indel 

rates ≥ 0.1%) (Figure 19B). In particular, the off-target site OT18, which has three 

single-base mismatches compared to the target sequence of R-66 SCD gRNA, had 

substantial off-target activity (36.7% indel rate at Day 2). The genome-wide 

unbiased search using GUIDE-Seq in U2OS cells identified the top 3 active off-target 

sites, OT18, OT1 and OT12, as well as OT9 that had very low activity (Figure 19B). 

However, GUIDE-Seq was not able to identify OT2, OT3 and OT34, which had low 

but measurable cutting activity (Figure 19B and Table 4). We found that, when both 

gRNA/Cas9 RNP and ssODN were delivered into peripheral blood CD34+ HSPCs 

from patients with SCD, we could achieve ~30% HDR rate at the on-target site, 

however the off-target activities at the COSMID-predicted sites are different from 

that with RNP only (Figure 19C-D), consistent with what previously reported [84]. 

For example, the predicted off-target site OT27 had detectable activity only in the 

presence of the ssODN donor (Figure 19B-C). We also found that, when the off-
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target activities of gRNA/WT Cas9 RNP at the 57 COSMID predicted sites were 

quantified using single-plex PCR amplification followed by NGS at Day 5 post-

electroporation, both the active sites and their indel rates changed slightly. This is 

most likely due to experimental variations (different stimulation time before 

extracting DNA and different patient cells).  

It has been shown that two concurrent DNA double strand breaks (DSBs) 

produced by CRISPR/Cas9 can introduce large chromosomal rearrangements [43]. 

Given that HBB is located on the p (short) arm of ch.11 and the highly active off-

target site OT18 is located on the q (long) arm of ch.11, we assessed the pericentric 

deletion or inversion between the R-66 SCD target site in HBB and OT18 in 

gRNA/Cas9 RNP treated SCD HSPCs. Using primer pairs spanning the expected 

junction point on deleted or inverted chromosomes (Table 5), we detected 

chromosomal rearrangement by end-point PCR, which was confirmed by 

sequencing of PCR clones (Figure 20A-C). We next used a ddPCR assay to quantify 

deletion and inversion events at Day 2, Day 7 and Day 12 after WT Cas9 RNP 

delivery, and found that chromosomal inversion was maintained at 3.3%, while 

large chromosomal deletion decreased from 1.8% to 0.2% in treated samples 

(Figure 19E-F; Figure 20D,E). This was most likely due to the loss of the entire 

chromosome during cell division, resulting in a reduction in the copy number of 

chromosome 11 in RNP treated cells over time.  
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Figure 19. Off-target analysis for R-66 SCD gRNA and reduction of off-target effect by 

high-fidelity Cas9 

We used a web-based in silico off-target site search tool (COSMID) and unbiased experimental 

off-target search method (GUIDE-Seq) to identify off-target sites for the R-66 SCD gRNA.  

(A) The 5 off-target sites of R-66 SCD gRNA identified using GUIDE-Seq in U2OS cells.  

(B) The WT SpyCas9 and a high fidelity SpyCas9 (HiFi Cas9) respectively complexed with R-66 

SCD gRNA as RNP were delivered into peripheral blood SCD CD34+ HSPCs. The cleavage 

activities at the on-target site and 57 COSMID predicted sites were analyzed by targeted deep 

sequencing. The dot-plot shows indel frequencies at the on-target site (HBB) and the 7 off-target 

sites with measurable cleavage activity. WT and HiFi Cas9 showed comparable on-target editing 

rates. However, the use of HiFi Cas9 significantly reduced off-target activity, with the average 

activity at 4 sites (OT1, OT3, OT12, and OT34) below 0.1%. Near 0.1% background indel 

frequencies were found in mock-treated samples at OT26, OT31 and OT45, which have Poly-C 

(4 Cs) stretches at the expected cut site. Insertions and deletions occur at elevated rates in 

homopolymeric regions and this type of sequencing errors prevents accurate indel quantitation as 

they are indistinguishable from CRISPR-induced deletion or insertion.  
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(C, D) The WT SpyCas9 and a HiFi Cas9 respectively complexed with R-66 SCD gRNA as RNP 

were delivered into peripheral blood SCD CD34+ HSPCs together with ssODN template. (C) The 

indel frequencies at 6 off-target sites with measurable activity, quantified by targeted deep 

sequencing. The use of HiFi Cas9 significantly reduced off-target activity in the presence of 

ssODN. (D) WT and HiFi Cas9 showed comparable on-target HDR and NHEJ editing rates when 

both RNP and ssODN are delivered into SCD CD34+ HSPCs.  

(E, F) The frequencies of chromosomal deletion (E) and inversion (F) events at Day 2, Day 7 and 

Day 12 after RNP delivery were measured by ddPCR. Note that the use of HiFi Cas9 almost 

completely eliminated both chromosomal deletion and inversion. During the 12 days post-

electroporation, chromosomal inversion maintained at 3.3% (E) while large chromosomal 

deletion decreased from 1.8% to 0.2% (F).   

In (B, E and F), data shown are representative of n=3 biological replicates from one SCD patient. 

In (C and D), data shown are representative of 1 biological replicate from two SCD patients. 
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Figure 20. Detection of chromosomal rearrangement events in SCD CD34+ HSPCs 

We delivered WT Cas9 and HiFi Cas9 along with R-66 SCD gRNAs as a RNP complex to 

CD34+ HSPCs from peripheral blood of patients with SCD. DNA was harvested at Day2, Day7, 

and Day12 post electroporation to quantify chromosomal rearrangement between on-target and 

OT18.  

(A) The inversion and deletion PCRs were carried out using a pair of primers spanning the 

expected junction point on inverted allele, or the deleted allele.  

(B) The chromosomal rearrangements were detected by end-point PCR in WT Cas9 treated 

samples at Day2 and Day7.  
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(C) Sanger sequencing of PCR clones confirmed the sequence across the deletion or inversion 

junctions.  

(D,E) EvaGreen ddPCR assay was optimized to quantify deletion and inversion events at Day 2, 

Day 7, and Day 12 after RNP delivery. Each droplet in a sample is plotted on a graph of 

fluorescence intensity versus droplet number.  WT Cas9 treated samples showed positive droplets 

from PCR across inversion or deletion junctions while HiFi Cas9 treated and mock samples 

showed absence of positive droplets indicating elimination of chromosomal rearrangement. 

2.2.6. High fidelity Cas9 increased editing specificity in CD34+ 

HSPCs from patients with SCD  

Off-target effects and large chromosomal rearrangements such as the 54 MB 

pericentric deletion and inversion we identified in this study raise safety concerns 

for clinical translation. In order to improve safety and specificity, we tested a 

recently described high-fidelity Cas9 variant (HiFi Cas9) [66], which was complexed 

with R-66 SCD gRNA as RNP and delivered into peripheral blood CD34+ HSPCs from 

patients with SCD. The off-target activities at the 57 COSMID predicted sites Day 2 

and Day 12 post-electroporation were quantified using a multiplex RNase H-

dependent PCR (rhPCR) approach consisting of pooled blocked-cleavage primers. 

The use of blocked-cleavage primers requires that the primers correctly hybridize 

to the target sequence prior to amplification reducing primer dimer and increasing 

specificity in multiplex PCR reactions [66]. The chromosomal rearrangement 

between the on-target site and OT18 was quantified at Day 2, Day 7 and Day 12 

post-electroporation using a ddPCR assay. We found that the use of HiFi Cas9 gave a 

similar level of on-target editing in terms of HDR and NHEJ rates compared with WT 

Cas9 (Figure 19D), but significantly reduced the indel rates at most of the off-target 
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sites, with a maximum off-target indel rate of 0.23% (Figure 19B-C). We further 

found that the use of HiFi Cas9 significantly reduced the intra-chromosomal 

rearrangement events, while maintaining the same level of on-target gene editing 

(Figure 19D, F), demonstrating our ability to achieve high-efficiency gene correction 

with increased specificity in SCD CD34+ HSPCs. 

2.2.7. Engraftment of WT Cas9 edited SCD patient peripheral 

blood CD34+ HSPCs in NSG mice 

To determine if gene-corrected SCD HSPCs retain the ability to engraft, we 

performed the first engraftment study using the CD34+ HSPCs derived from the 

unmobilized peripheral blood of patients with SCD by injecting the cells 

intrafemorally into NSG mice. Peripheral CD34+ cells were isolated from patients 

undergoing red cell exchange therapy and frozen for storage until sufficient cells 

were collected for transplant studies. After thawing, cells were cultured for 2 days 

and electroporated with R-66 SCD gRNA/WTCas9 RNP and SCDct5-wt ssODN. After 

2 days post-delivery of genome editing reagents, 500,000 viable cells were 

intrafemorally transplanted into NSG mice. These mice were euthanized at Week 19 

after transplantation and the bone marrow was harvested to determine the 

engraftment potential. Post-engraftment data were derived from n=3 transplanted 

mice for mock electroporated cells and RNP and ssODN treated cells. The level of 

engraftment was measured as the fraction of human HLA+/CD45+ cells in the total 

CD45+ compartment (Figure 21A). We found that the engraftment levels of gene-

edited SCD HSPCs were similar to those of control cells (mock electroporated SCD 
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CD34+ HSPCs), with an average of 30.2 ± 24.1% of cells double positive for HLA and 

hCD45 (Figure 21B). Almost all human cells were positive for CD33 demonstrating 

near-exclusive myeloid lineage. This myeloid bias may reflect the biologic 

properties of un-mobilized CD34+ cells in the peripheral blood of sickle cell patients 

and does not necessarily reflect the biologic properties of CD34+ cells after 

mobilization, or of CD34+ harvested from bone marrow.  

Human cells were isolated from mouse bone marrow and DNA was extracted 

for gene editing analysis. Editing rates pre-transplantation (at Day 2 post-

electroporation) were 10% HDR and 33.3% NHEJ (Figure 21C) as determined by 

high-throughput sequencing. The rate of HDR at Week 19 was unchanged compared 

to the pre-transplantation level; however, the rate of NHEJ increased from 33.3% to 

48% at Week 19 (Figure 21C). A similar increase in the NHEJ rate was observed in 

the gene-edited SCD peripheral blood CD34+ HSPCs expanded in vitro at Day 9 post-

electroporation (55.17% NHEJ, 13.46% HDR, 31.37% WT), indicating that 

CRISPR/Cas9 and ssODN mediated editing was not complete at the time of 

transplantation (Day 2 post-electroporation). Off-target analysis of the engrafted 

cells revealed off-target activity at 4 loci (OT18, OT12, OT27, OT2) (Figure 21D) out 

of 6 active OT sites identified in the in vitro studies in RNP and ssODN treated cells 

(OT18, OT12, OT1, OT2, OT48, OT27). The indel diversity in gene-edited cells at 

Week 19 in all three transplanted mice showed a similar pattern as compared to 

pre-engraftment levels at Day 2 post-electroporation and in vitro expanded cells at 

Day 9 post-electroporation (Figure 22), as demonstrated by the relative fractions of 

different indels indicated by the color code. Although an increase in indel rates due 
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to NHEJ was observed at week 19 compared to Day 2 post-electroporation, this 

increased level of NHEJ was also observed at Day 9 post-electroporation, suggesting 

that editing events had not completed at Day 2 post-delivery, and/or unrepaired 

DSBs were still present at Day 2 [85]. The lack of increase in HDR may result from 

reduced stability of ssODN template since it is well known that unmodified single‐

stranded DNA can be degraded intracellularly [86]. 
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Figure 21. Engraftment of patient-derived peripheral blood CD34+ HSPCs into NSG mice 

To determine if gene-edited SCD peripheral blood HSPCs retain the ability to engraft, CD34+ 

cells isolated from the peripheral blood of a SCD patient were treated with R-66 SCD gRNA/WT 

Cas9 RNP and ssODN template, and injected intrafemorally into NSG mice. Bone marrow was 

harvested from euthanized mice at Week 19 after transplantation to analyze the engraftment rates. 

(A) Schematic of flow cytometry analysis of bone marrow harvested from transplanted mice at 

week 19. Total CD45+ cell population was selected and the presence of human cells confirmed by 

staining for both HLA and human CD45. Cell lineage was tested by staining for CD33 and CD19. 

(B) Engraftment rates of both control (mock electroporated) cells and cells treated with RNP and 
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ssODN in the circulating blood/bone marrow at week 19. There was no significant difference in 

the level of engraftment in gene edited cells when compared to control cells.  

(C) On-target editing rates in bulk transplanted cells at the time of engraftment (Day 2 in vitro), 

Day 9 in vitro, and at week 19 post transplantation. The rates of HDR and NHEJ were assessed 

using high-throughput sequencing. Week 19 data were derived from 3 mice transplanted with 

cells treated with RNP and ssODN.  

(D) Off-target cutting rates in bulk transplanted cells at the time of engraftment, at Day 9 in vitro, 

and at week 19 post-transplantation. Week 19 data were derived from 3 mice. 4 genomic loci had 

detectable levels of off-target cutting at week 19. 

 

Figure 22. Indel diversity of CRISPR/Cas9 editing CD34+ cells from peripheral blood of 

patients with SCD 

The indel distribution was determined on day 2 and day 9 in vitro and at week 19 in vivo in 3 

mice transplanted with SCD CD34+ cells treated with RNP and ssODN by using targeted deep 

sequencing of the HBB locus. The data includes all indels in the range of -150 to +150. The 

largest deletion found was -76bp and the largest insertion identified was +55bp.  

2.2.8. Engraftment of HiFi-Cas9 edited SCD patient bone marrow 

CD34+ HSPCs in NSG mice 

To evaluate the impact of the source of CD34+ cells on myeloid bias after 

engraftment, we performed the second engraftment study using the CD34+ HSPCs 
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derived from the bone marrow of patients with SCD by injecting the cells 

intravenously into NSG mice. Prior to engraftment experiments, we first validated 

that CRISPR/Cas9 can correct the sickle mutation in bone marrow derived SCD 

CD34+ cells.  These cells were cultured for 3 days prior to electroporation since we 

had observed an increase in editing efficiency at this time point versus 2 days after 

freeze/thawing of SCD HSPCs (Data not shown). Using R-66 SCD gRNA complexed 

with HiFi Cas9 (RNP) we achieved 71% on-target NHEJ rate with a low level of off-

target cutting at Day 7 post electroporation (0.27% activity at OT2, 0.12% activity at 

OT9) (Figure 23A). Further, no intra-chromosomal rearrangements were detected 

(Figure 23B,C). Gene edited CD34+ cells were single-cell sorted from two patients 

with SCD (donors) into methocellulose plates to monitor colony formation. While 

there was a reduction in the total number of colonies formed, we did not observe a 

difference in the distribution of colony types between mock and treated cells. To 

determine if gene-corrected SCD bone marrow HSPCs retain the ability to engraft, 

CD34+ cells isolated from the bone marrow of two SCD donors were treated with R-

66 SCD gRNA/HiFiCas9 RNP and ssODN template and frozen 48 hours after 

treatment (Figure 24A). For bone marrow derived SCD CD34+ cells, cell viability was 

reduced by 10-25% due to freezing/thawing and by 10-35% due to electroporation 

(Figure 24B,C). Due to low post-thaw recovery of SCD Donor 1 sample treated with 

RNP and ssODN (Figure 24D), 3x105 viable cells were injected per mouse. In all 

other cases, after thawing, 5x105 viable cells were injected intravenously into each 

NSG mouse. Mice were euthanized at Week 16 after transplantation and the bone 

marrow harvested to determine the engraftment potential. The level of engraftment 
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was measured as the fraction of human HLA+/CD45+ cells in the total CD45+ 

compartment. Post-engraftment data were derived from n=4 transplanted mice for 

SCD Donor 2 cells treated with RNP only and SCD Donor 2 cells treated with RNP 

and ssODN, n=3 for SCD Donor 1 cells treated with RNP and ssODN and n=2 for 

untreated cells. Only a small percentage of infused cells from the SCD Donor 1 

engrafted (0.1 ±0.1% for CD34+ cells treated with RNP, 1.6 ±1.1% for CD34+ cells 

treated with RNP and ssODN) (Figure 25A). In mice injected with SCD Donor 2 

CD34+ cells treated with RNP and ssODN, an average of 7.5 ±6.2% of cells were 

double positive for HLA and hCD45, compared to 16.8 ±13.2% with unedited CD34+ 

cells, indicating a good level of engraftment of gene-edited SCD HSPCs (Figure 25A). 

With the same injection condition (SCD Donor 2 cells with both RNP and ssODN), a 

higher fraction of human cells were positive for CD19 (84 ±15%) (Figure 25B), 

demonstrating a lymphoid lineage bias which has been reported for NSG models of 

human engraftment [87]. This is in contrast to the myeloid lineage bias observed in 

our first engraftment study using SCD peripheral blood CD34+ HSPCs.  

The on-target editing rates (HDR and NHEJ) of edited CD34+ cells from each 

batch of electroporation were quantified before freezing (pre-engraftment) using 

high-throughput sequencing. Similar quantification was performed post-

transplantation using DNA samples extracted from mouse bone marrow (including 

mouse cells and engrafted human cells) with human HBB specific primers for PCR 

and NGS.  We found that the average HDR rate was reduced from 29.8 ±3.9% for 

pre-engraftment samples to 8.8 ±14% at Week 16 post-transplantation in SCD 

Donor 2 CD34+ cells treated with RNP and ssODN (Figure 25C-D).  In addition to 
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HDR-induced gene-correction, we also observed correction of the sickle mutation by 

gene conversion with HBD. The average rate of gene conversion was 2.4 ±0.2% in 

pre-engraftment samples, and became 1.8 ±2% at Week 16 post-transplantation 

(Figure 24E-H), but the gene conversion rate increased respectively to 4.65% in 

mouse 14 that was injected with SCD Donor 2 cells treated with RNP and ssODN, 

and to 6.97% in mouse 15 that was injected with SCD Donor2 cells treated with RNP 

only (Figure 24G, Figure 26). The average rate of NHEJ also dropped from 

42.8±1.9% in SCD CD34+ cells pre-engraftment to 24.5 ±13.8% in human cells 16 

weeks post-transplantation, suggesting that in general gene-edited cells display 

reduced engraftment potential compared to unedited cells (Figure 25C-D).  The 

highly variable editing rate (Figure 25D) and indel diversity (Figure 26) in gene-

edited cells from the two SCD donors at Week 16 post-transplantation may reflect 

the condition of the two patients with SCD whose bone marrow CD34+ cells were 

used in the second engraftment study, as well as the total number of CD34+ cells 

engrafted.  Further, we found that the indel rates (NHEJ) at the predicted off-target 

sites have a large variation (Figure 25E) in different DNA samples extracted from 

mouse bone marrow 16 weeks post-engraftment.  Compared with the indel rates 

pre-engraftment, at certain sites (such as OT7, OT22, OT30, OT43), the average indel 

rates are higher at 16 weeks post-engraftment, while at some other sites (such as 

OT2, OT9 and OT53), the trend is the opposite.  However, the overall average off-

target cutting rates at Week 16 post-engraftment are quite low (< 0.1%), 

demonstrating the high specificity of HiFi Cas9 based genome editing (Figure 25F).  
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Figure 23. Analysis of off-target effects and chromosomal rearrangement in SCD CD34+ 

HSPCs from bone marrow 

We delivered WT Cas9 and HiFi Cas9 along with R-66 SCD gRNAs as a RNP complex to bone 

marrow SCD CD34+ HSPCs. DNA was harvested at Day2 and Day7 post-electroporation to 

quantify off-target activity and chromosomal rearrangement.  

(a) The on-target activity and off-target activities at the 57 COSMID predicted sites were 

quantified using rhAmpSeq. Of the 57 potential off-target sites, 10 sites were true off-target sites 

with detectable activity for WT Cas9. HiFi Cas9 significantly reduced the number of active off-

target sites as well as indel rates at those sites.  

(b) Chromosomal deletion and  

(c) chromosomal inversion events from Day 2 to Day 7 after RNP delivery, quantified by 

EvaGreen ddPCR assay. HiFi Cas9 eliminated the intrachromosome rearrangement events.  

Data shown are representative of n=1 biological replicate. 
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Figure 24. Transplantation of bone marrow SCD CD34+ HSPCs in NSG mice 

(A) CD34+ cells isolated from the bone marrow (BM) of SCD patients were treated with HiFi 

Cas9/gRNA RNP and ssODN donor for HBB gene correction on Day 3, cryopreserved on Day 5, 

then intravenously transplanted into NSG mice shortly after thawing. These mice were euthanized 

at Week 16 after transplantation, and the BM was harvested to determine the engraftment 

potential.  

(B,C) Post-thaw recovery of CD34+ cells from patient BM. Numbers and percentages of the 

isolated CD34+ cells were monitored for each isolation batch from each patient donor (Donor1 

and Donor2). Cells were pooled by donor for electroporation on Day 3.  

(D) The cell viability was measured on Day 5 (48 hrs post electroporation). Toxicity was 

observed when RNP and ssODN were co-delivered or with the delivery of ssODN alone. 4 

electroporations were performed for each RNP sample (1x106 electroporated cells per sample) 

and 6 electroporations were performed for each RNP and ssODN or ssODN only sample 

(1.5x106 electroporated cells per sample)  to account for ssODN toxicity and ensure an adequate 

number of cells for xenotransplantation. After thawing, 5x105 viable cells were injected per 

mouse. Due to low post-thaw recovery of Donor1 RNP and ssODN sample, 3x105 viable cells 

were injected per mouse.  

(E) On-target HBD conversion rates in bulk transplanted cells at the time of engraftment.  

(F) Total correction of SCD mutation via both HDR and gene conversion. Data shown are 

representative of n=2 biological replicates for Donor1 RNP, n=3 for Donor2 RNP and Donor1 

RNP+ssODN, and n=4 for Donor2 RNP+ssODN and Donor2 ssODN.  

(G) On-target HBD conversion rates at week 16 post transplantation for each mouse.  

(H) Total SCD correction rates resulting from both HDR and HBD conversion at week 16 post 

transplantation.  

Data shown are representative of n=4 transplanted mice for Donor2 RNP and Donor2 

RNP+ssODN, n=3 for Donor1 RNP+ssODN and Donor2 ssODN. 
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Figure 25. Engraftment of HiFi Cas9 gene-edited patient bone marrow CD34+ HSPCs in 

NSG mice 

To determine if gene-edited SCD bone marrow HSPCs retain the ability to engraft, CD34+ cells 

isolated from the bone marrow of 2 SCD patients were treated with R-66 SCD gRNA/Hifi Cas9 

RNP and ssODN template, and injected intravenously into NSG mice. Bone marrow was 

harvested from euthanized mice at Week 16 after transplantation to analyze the engraftment rates. 

(A) The engraftment levels for samples from mice injected with six different edited CD34+ cells 
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showing varying levels of engraftment. The level of engraftment was measured as the fraction of 

human HLA+/ CD45+ cells in the total CD45+ compartment.  

(B) Cell lineage was tested by staining for CD33 and CD19. A higher fraction of human cells 

were positive for CD19, demonstrating a lymphoid lineage bias.  

(C) The rates of HDR and NHEJ in transplanted SCD CD34+ cells right before transplantation. 

(D) The rates of HDR and NHEJ in bulk transplanted cells at Week 16 post-transplantation. Note 

that the result from SCD Donor 1 cells treated with RNP only is not included due to very low 

engraftment rate and low human DNA copy number in the sample. For (C and D), on-target 

editing rates were assessed using high-throughput sequencing.  

(E) Off-target cutting rates at the time of transplantation, 2-days after electroporation, or before 

freezing edited cells. The graph shows indel frequencies at the 3 off-target sites with detectable 

cleavage activity.  

(F) Off-target cutting rates 16 weeks post-transplantation. The measured indel rates had a large 

variation among the samples. However, the overall average off-target cutting rates are quite low 

(most < 0.1%), demonstrating the high specificity of HiFi Cas9 editing.  

For (C and E), pre-engraftment data were derived from n=2 biological replicates for Donor1 

RNP, n=3 for Donor2 RNP and Donor1 RNP+ssODN, and n=4 for Donor2 RNP+ssODN and 

Donor2 ssODN.  

For (D and F), post-engraftment data were derived from n=4 transplanted mice for SCD Donor 2 

cells treated with RNP only and SCD Donor 2 cells treated with RNP and ssODN, n=3 for SCD 

Donor 1 cells treated with RNP and ssODN and n=2 for untreated cells. 



 
69 

 

Figure 26. Allele frequency of CRISPR/Cas9 editing BM CD34+ cells from patients with 

SCD 

The allele frequency was determined at the time of engraftment and at week 16 post-

transplantation in 11 mice transplanted with BM SCD CD34+ cells by using targeted deep 

sequencing of the HBB locus. The largest deletion found was -77 bp and the largest insertion 

identified was +47 bp. Each indel size is represented by a different color. Ms=Mouse, D1=SCD 

patient donor1, D2=SCD patient donor2. 

2.3. Discussions 

Compared with conventional gene therapy via lentiviral vector–mediated addition 

of anti-sickling β-globin gene into HSPCs of patients with SCD (14), the CRISPR/Cas9 
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based genome editing strategy adopted here has the potential to be safer and more 

efficient in treating SCD. This is likely due to the precision of CRISPR/Cas9 in 

correcting the sickling mutation, removal of the sickle allele via NHEJ, and the 

avoidance of using a viral vector for delivery. The recent report of gene therapy in a 

patient with SCD using lentiviral transduction reported 2066 unique integration 

sites, of which the long term effects are unknown (14). In demonstrating the 

potential of CRISPR/Cas9 based genome editing, DeWitt et al. [58] and Dever et al. 

[30] showed that a high level of HBB gene-correction in SCD CD34+ HSPCs can be 

achieved in vitro.  However, the engraftment studies by DeWitt et al. [58] and Dever 

et al. [30] were carried out using CD34+ HSPCs from normal individuals, not from 

patients with SCD, and a genome-wide unbiased off-target analysis was not 

performed for the CRISPR/Cas9 systems used.  

In this study we demonstrated that our non-viral, selection-free gene-

correction approach using optimized gRNA R-66 SCD and SCD5ct-wt ssODN 

template could achieve a high level (up to 37% in peripheral blood CD34+ cells and 

33% in bone marrow CD34+ cells) of HBB gene correction in SCD-patient derived 

CD34+ HSPCs, and gene-edited SCD HSPCs could differentiate into erythroid cells 

that produced a high level of normal hemoglobin HbA in vitro (up to 47% HbA), 

resulting in a significant reduction of the amount of sickled red blood cells from 

differentiated SCD HSPCs even under extreme hypoxic conditions. We found that the 

increase in γ-globin chains restored the overall balance of β-like globin to α-globin 

chains. We further demonstrated that gene-edited CD34+ HSPCs derived from the 

bone marrow of patients with SCD were able to engraft in NSG mice and the 
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corrected alleles were stable for up to 16 weeks post-transplantation. These results 

clearly show the promise of CRISPR/Cas9 based genome editing for curing sickle 

cell disease. When we used CD34+ cells from the unmobilized peripheral blood of 

patients with SCD, we observed a high level of myeloid bias. It is possible that the 

CD34+ cells we isolated from peripheral blood of patients with SCD were mostly 

myeloid progenitors, with only a small amount of true HSCs.  

When delivering only gRNA/Cas9 RNP (i.e., without ssODN) into SCD CD34+ 

HSPCs, we found that cutting at the HBB locus in the exonic region near the sickle 

mutation induced a large increase of HbF percentage among all hemoglobin proteins 

expressed. An increase in HbF percentage was also observed in SCD HSPCs when 

both gRNA/Cas9 RNP and ssODN template were delivered. It is possible that the 

increase in HbF percentage is due to Cas9 cutting induced biallelic β-thalassemia 

mutation, or due to the increase in hemoglobin formation between α-globin and γ-

globin since β-globin chains are unavailable. However, while intriguing, it is unclear 

if Cas9 HBB-cutting induced increase in HbF percentage would have a long-lasting 

effect at a therapeutically relevant level (assumed to be 20% HbF or higher), and if 

the resulting benefits to SCD patients would outpace the potential harm of HBB 

disruption, including the possibility of inducing β-thalassemia major or minor. The 

molecular mechanism underlying this type of HbF induction warrants further 

investigation. 

For therapeutic genome editing, potential off-target effects need to be 

carefully analyzed, and significant challenges exist in both accurately predicting 
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potential off-target sites and in performing genome-wide unbiased searches [88]. 

Further, currently deep sequencing has a detection limit of 0.1% thus cannot 

capture low frequency indels [48], and gross chromosomal rearrangements due to 

concurrent on- and off-target DSBs or two off-target DSBs cannot be 

comprehensively identified or quantified by most existing methods. For R-66 SCD 

gRNA tested in this study, the use of in silico prediction tool COSMID has identified 

57 potential off-target sites in the human genome, of which 7 were confirmed 

experimentally as true off-target sites in peripheral blood SCD HSPCs, including one 

(OT18) that caused chromosomal rearrangements. To date this is the deepest 

analysis of CRISPR/Cas9 induced off-target effect in SCD HSPCs. We found that the 

use of a recently described high-fidelity Cas9 variant [66] significantly reduced the 

off-target editing to background noise levels and prevented large intra-

chromosomal rearrangements in CD34+ cells from patients with SCD without 

compromising the on-target editing rates. Further, with this HiFi Cas9, we observed 

only minimal levels of off-target effects at 16 weeks post-transplantation in NSG 

mice. This further demonstrates the potential of this high-fidelity Cas9 variant for 

clinical translation of CRISPR/Cas9 based genome editing. However, it is reasonable 

to assume that even with HiFi-Cas9, CRISPR/Cas9 based gene-editing will have 

some degree of off-target effects. As the CRISPR/Cas9 technology moves towards 

clinical applications, there is a critical need for more sensitive off-target analysis 

methods as well as approaches to reduce off-target effects for safer genome editing. 

These efforts should take into account large deletions induced by DSBs at the on-
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target site [89], and large chromosomal rearrangements such as inversions and 

translocations.  

Our results demonstrated that gene-corrected CD34+ HSPCs from bone 

marrow of patients with SCD were able to engraft in NSG mice.  However, there was 

a reduction of the percentage of gene-corrected alleles at 16 weeks post-

transplantation, which may reflect a reduced engraftment capacity of edited cells. It 

is unclear if this is due to gene editing alone or a combination of the stress of gene 

editing and freeze/thaw of the transplanted cells. The difference between the 

engraftment behaviors of CD34+ cells harvested from the bone marrow of two 

patients with SCD may reflect their individual SCD pathology, including differences 

in age, gender, disease severity, and treatment exposure. However, overall, CRISPR 

gRNA/Cas9 RNP and ssODN template treatment of bone marrow CD34+ cells from 

patients with SCD was well tolerated. When we used peripheral blood derived 

CD34+ cells from patients with SCD for engraftment, the level of gene-corrected 

alleles in the engrafted population was similar to the pre-transplantation levels, 

indicating the survival of gene-corrected CD34+ cells over the period of 19 weeks 

post-transplantation. We believe that the non-mobilized peripheral blood SCD 

CD34+ cells used in our first engraftment study have a lower number of true HSCs 

compared to plerixafor mobilized or bone marrow harvested CD34+ cells, resulting 

in a myeloid bias [90, 91]. In contrast, a clear lymphoid bias was evident with 

engraftment of bone marrow SCD CD34+ cells treated with RNP and ssODN.  
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In general, delivery of gRNA/Cas9 and ssODN into SCD CD34+ cells may 

result in six cell subpopulations in terms of HBB allele modification: (i) HDR/HDR, 

(ii) HDR/NHEJ, (iii) HDR/WT, (iv) WT/WT, (v) WT/NHEJ, (vi) NHEJ/NHEJ (here 

HDR=mutation correction, WT=sickle mutation, NHEJ=induced mutagenesis). 

Although CD34+ cells that had Cas9 cutting of HBB but no HDR-mediated correction 

of sickle mutation may offer some potential benefit, the possibility of inducing β-

thalassemia major or minor phenotype in a sub-population of cells needs to be 

carefully studied, and the potential consequences of reduction in the level of 

functional β-globin in a patient with SCD need to be determined. Since the lifespan 

of a sickle RBC is ~20 days but that of a normal RBC or even sickle cell trait RBC 

(which contains 40% HbS) is ~120 days in circulation [92], prolonged survival of 

the RBCs containing a lower percentage of HbS may compensate for the reduction of 

functional β-globin due to HBB disruption, resulting in no change in total 

hemoglobin level in the body. Further, the extent of on-target mutagenesis need to 

be systematically studied, in light of the recent finding that on-target DNA double-

strand breaks could induce large deletions and complex genomic rearrangements, 

which may have pathogenic consequences [89].  To minimize the risk of inducing 

beta-thalassemia (major or minor) in patients with SCD by ontarget Cas9 cutting, 

the optimal dose and half-life of the gRNA/Cas9 RNP need to be further investigated, 

aiming to reduce on-target mutations (NHEJ indels) without compromising the rate 

of HDR. It is possible that, with further optimization, selection using 

chemical/biological methods such as cell-cycle synchronization [93], NHEJ 
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inhibition [94, 95] or cell surface receptor [30] will not be necessary in order to 

achieve a positive clinical outcome. 

2.4. Future Directions 

2.4.1. Determine the mechanisms of Cas9-cutting induced HbF 

induction in SCD HSPCs. 

Delivery of gRNA/Cas9 RNP only into SCD HSPCs (i.e., cutting only, no gene 

correction) induced a high level of HbF expression (up to 53%). We found that, SCD 

HSPCs treated with RNP only could have up to 81 ± 12% NHEJ-induced indels, and 

that the increase in HbF percentage is linearly proportional to the rate of Cas9 

cutting (%NHEJ). We further quantified the globin chain ratios using RP-HPLC for 

SCD HSPCs treated with mock conditions, RNP-only, and with both RNP and ssODN, 

and found that SCD HSPCs treated with both RNP and ssODN did not alter the 

overall balance of β-globin-like chains to α-globin chains compared to mock-treated 

cells.  We also found that the percentage of HbF positive cells (F-cells) from SCD 

HSPCs treated with RNP only increased by ~14% compared with mock-treated cells 

and cells treated with both RNP and ssODN. It is possible that the increase in HbF 

percentage is due to Cas9 cutting induced biallelic β-thalassemia mutation, or due to 

the increase in hemoglobin formation between α-globin and γ-globin given that β-

globin chains are unavailable. However, the molecular mechanism underlying the 

HbF induction observed here remains elusive and warrants further investigation. It 

is also still unclear if Cas9 HBB-cutting induced increase in HbF percentage would 
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have a long-lasting effect at a therapeutically relevant level, and if the resulting 

benefits to SCD patients would outpace the potential harm of HBB disruption, 

including the possibility of inducing β-thalassemia major or minor.  

Fetal hemoglobin (HbF, α2γ2) induction in SCD HSPCs due to Cas9 cutting of 

HBB is potentially very beneficial in treating patients with SCD. It has been shown 

that the presence of HbF profoundly delays the polymerization of hemoglobin S 

(HbS) and increases the solubility of HbS under deoxygenated conditions, 

thus ameliorates the clinical complications of SCD [96]. Our preliminary data 

showed that there is a large (6-9 fold) increase in HbF in cells from SCD HSPCs that 

had Cas9 cutting of HBB only (without correction of the sickle mutation) [97]. Thus, 

in addition to up to ~37% gene correction in SCD HSPCs that restore HbA 

expression, the induction of HbF in a large percentage (~42%) of cells without 

donor integration may significantly increase the efficacy of treating SCD using 

genome editing. However, the mechanism(s) of HbF induction is not well 

understood and it’s unclear if this leads to a long-lasting benefit.  We hypothesize 

that indels generated by Cas9 cutting of HBB at the on-target site induce HbF due to 

maturation arrest in response to HBB cutting and/or the mismatch between HBB 

and HBG expression, and the benefit is long-lasting.  

Experimental Design.  

The β-globin cluster is a highly informative genetic locus for understanding the 

molecular mechanisms of HbF induction by Cas9 cutting of HBB. We will perform an 

extensive study on the genotype-phenotype relationship as a result of gene editing 
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at the β-globin locus. Based on our preliminary data that HBB-cutting in SCD HSPCs 

arrests maturation of cells (Figure 27A), we will determine if indels at the on-target 

cut-site in HBB induce HbF expression partially by maturation arrest. We will 

determine if indels introduced by Cas9-cutting at HBB directly stimulating γ-globin 

transcriptional reactivation, and if HbF induction is due to the mismatch between 

HBB and HBG expression or by restructuring chromatin of β-globin locus to 

reorganize the locus control region (LCR)-globin gene interactions to trigger γ-

globin reactivation. ChIP assay or Chromosome conformation capture (3C) assay 

will be performed to investigate the effects of HBB gene editing on the binding of 

HbF transcriptional repressors in the globin cluster, as well as the interactions of β-

type globin genes with the LCR. 

1. Determine if HbF induction is caused by maturation arrest in response to 

HBB-cutting.  

The – to β-globin ratio is elevated early in erythroid maturation, and declines as the 

erythroid progenitor matures [98]. In our preliminary study, we observed a 

maturation arrest/delay in RNP treated cells compared to mock, as shown by the 

lower levels of enucleated cells in the Cas9/gRNA RNP treated sample compared 

with mock-treated cells (Figure 27A). To understand the effect of Cas9 cutting of 

HBB on erythroid maturation, we will induce Cas9 cutting without gene-correction 

by delivering only WT-Cas9/R66SCD-gRNA RNP via electroporation [97] in HSPCs 

from five patients with SCD, and allow the RNP treated and control cells (mock) to 

mature in culture to the orthochromoblast stage, approximately at day 21 of two-
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phase erythroid culture. We will determine if the difference in the HbF levels 

between RNP- and mock-treated cells increases over the course of differentiation 

(between days 8 and 21). This time span was chosen based on the observed 

difference in F-cell production between RNP- and mock-treated cells in our 

preliminary data. We will collect cells on days 8, 11, 14, 17 and 21 during 

differentiation, and analyze them by flow cytometry, evaluating maturation with 

CD71, GPA and Band 3, as well as F-cell percentage, all as previously described [99]. 

We will measure HbF levels by HPLC from the same time points. We will perform 

enucleation assays with flow cytometry by staining cells with GPA and Hoechst 

33342; cellular hemoglobin will be quantified. We will match the maturation stage 

of the RNP treated cells to that of the control cells, and compare the relative HbF 

levels from HSPCs from the same donor. We will also investigate the impact of Cas9 

cutting of HBB on erythropoiesis, such as terminal erythroid differentiation, 

hemoglobin production, and enucleation, and evaluate the ability of gene-edited SCD 

HSPCs to form erythroid burst-forming units (BFU-E) and erythroid colony-forming 

units (CFU-E). Gene expression will be analyzed in the erythroid-differentiated cells 

randomly picked up from those clones to assess for changes that promote survival 

of edited cells. 

2. Determine if HbF induction is due to the mismatch between HBB and HBG 

expression.   

Another hypothesis to explain the increase in HbF with Cas9 cutting of HBB without 

correction of the sickle mutation is that HBB cutting creates a β-thalassemia like 
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condition similar to Corfu δβ thalassemia deletion, caused by an excess of γ-globin 

transcripts relative to β-globin. To test this hypothesis, we will measure γ - and β-

globin mRNAs collected from cells at the time points, steady-state mRNA levels, and 

hemoglobin protein levels in primary erythroid cells from HSPCs of five patients 

with SCD that subjected to Cas9 cutting of HBB by RNP delivery without correction 

of the sickle mutation, and compare to mock treated cells.  

It has been shown that small deletions in the globin cluster induce hereditary 

persistence of fetal hemoglobin (HPFH), which is a benign condition caused by 

mutations within the β-globin gene cluster, resulting in elevated HbF levels in 

adulthood [100]. SCD or β-thalassemia patients with HPFH have milder clinical 

consequences [100]. We have quantified the HBB-cutting induced indel profiles in 

the S-HUDEP2 cell line in our preliminary study. This data indicates that there are 

many small (<100 bp) HBB deletions with relatively high allele frequencies. 

Therefore, we hypothesize that HBB deletions in SCD HSPCs due to Cas9 cutting of 

HBB induce a process similar to HPFH, resulting in increased HbF levels. To test this 

hypothesis, we will quantify the percentage of small HBB deletions in SCD HSPCs 

treated with Cas9/gRNA RNP using deep sequencing, characterize single-cell clones 

with specific high-frequency HBB deletions, and differential them in erythroid 

culture. The HbF levels corresponding to each deletion type will be quantified at 

different time points (days 8, 11, 14, 17 and 21 during differentiation).  It is also 

possible that large deletions in the globin cluster and intra-chromosomal deletions 

due to HBB-cutting induce elevated HbF levels similar to that in HPFH. This 

possibility will be studied in Chapter 3.   
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3. Determine if HbF induction has a long-lasting benefit.  

We will perform RNP treatment and mock electroporation on patient HSPCs. These 

cells will be engrafted into NSG mice via femoral injection [97]. Beginning at 16 

weeks after engraftment, we will harvest the engrafted bone marrow and grow the 

cells in a two-phase erythroid culture to determine if the potential to express HbF is 

still present.  

2.4.2. Quantify large deletions at HBB on-target site and 

chromosomal rearrangements in SCD HSPC. 

With this HiFi Cas9, we observed only minimal levels of off-target effects at 16 

weeks post-transplantation in NSG mice, further demonstrating the potential of this 

high-fidelity Cas9 variant for clinical translation of gene-editing based approaches 

for treating SCD. However, to move the CRISPR/Cas9 based gene-editing technology 

into clinical application for treating SCD, there is a critical need to quantify the large 

deletions/insertions induced by the DSB at the on-target site [89], and large 

chromosomal rearrangements such as translocations. Part of this issue will be 

addressed in the Chapter 3.  

It has been shown that Cas9 cutting at the on-target site in mouse embryonic 

stem cells could induce mutagenesis, including large deletions and more complex 

genomic rearrangements [89], which may cause a significant safety concern, as 

indicated by the FDA. However, to date no careful study has been reported to 

quantify the large deletions at the HBB on-target cut site, and chromosomal 
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rearrangements in gene-edited SCD HSPCs. Addressing this issue will facilitate the 

effective and safe translation of CRISPR/Cas9 gene-editing based approach for SCD 

treatment. We hypothesize that the large deletions in the globin cluster due to HBB-

cutting at the on-target site and intra- and inter-chromosomal rearrangements 

between on- and off-target cut sites in SCD HSPCs can be identified and quantified 

using NEW-Seq, which will allow us to assess the adverse effect of such events.  

Experimental Design.  

1. Quantify large deletions at HBB on-target site in SCD HSPCs 

There are well-characterized large deletions in HBB known to have a protective 

effect in β-thalassemia patients due to induction of HbF expression [101-103] 

whereas other large deletions are known to be pathogenic [104]. Deletions as large 

as 9.5kb and insertions up to 2.5kb at the CRISPR/Cas9 on-target cut site have been 

observed [89]. Large insertions tended to consist of inversions or duplications of the 

target locus with rare instances of inserting genomic DNA from other loci. However, 

large deletions cannot be captured by short-range PCR typically used for NGS since 

the primer binding sites are lost, while large insertions cannot be captured due to 

size limits of high throughput sequencing methods. Previously we have identified 

indels ranging from -304 bp to +294 bp by PCR cloning of erythroid colonies derived 

from gene-edited SCD HSPCs. More recently we have developed a novel approach 

LongAmp-seq (long-range PCR amplification based sequencing) to comprehensively 

investigate the gene-editing outcomes and the potential consequences of 

unexpected mutations in Chapter 3.  



 
82 

2. Quantify large chromosomal rearrangements in SCD HSPCs 

Translocations that arise from off-target CRISPR/Cas9 activity could also result in 

nonreciprocal translocations or Robertsonian translocations. In addition, Cas9 

activity is known to be higher at sites with open chromatin structure [105, 106], 

thus increasing the likelihood of a translocation between two active genes – a 

hallmark of oncogenic translocations. Even a small number of SCD HSPCs with 

chromosomal rearrangements survive and engraft in a patient, the possibility of 

inducing cancer or other diseases cannot be ignored. We have identified large (54 

MB) intra-chromosomal rearrangements between the HBB on-target site and an off-

target site [97], including larger chromosomal deletion and inversion. This is the 

largest known deletion induced by a single gRNA. We developed a ddPCR based 

assay for quantifying such large chromosomal rearrangements [97], but detecting 

large chromosomal rearrangements remains challenging. To address this need, we 

have developed the NEW-seq (nuclease-activity identified by gEnome-wide 

sequencing) method to capture intra-chromosomal rearrangement and 

translocation events between Cas9 on-target and off-target cut sites in Chapter 3. 

We found that in S-HUDEP2 cells treated with R-66SCD Cas9/gRNA RNP, 95% of 

HBB reads aligned only to HBB (unmodified alleles and those with small indels), 

4.26% of reads aligned to HBB and distal locations on chromosome 11 (intra-

chromosomal rearrangement), with the remaining 0.59% of reads containing HBB 

linked to other chromosomes representing potential translocations. A total of 10 

intra-chromosomal rearrangements (large asymmetric deletions or complex 

rearrangements) and 10 chromosomal translocations were identified. The most 
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common rearrangement detected by NEW-Seq is the previously quantified 54 MB 

intra-chromosomal inversion. Further, using NEW-Seq we identified chimeric 

HBB/HBD fusions which could be a result of HBD conversion (repair of HBB DSB 

using sequences in the highly homologous HBD as a repair template) or 

translocation between HBB and a de novo off-target site on HBD, similar to what 

reported previously [107].  Both COSMID and GUIDE-Seq failed to identify this off-

target site containing five single-base mismatches compared with the target 

sequence of R-66SCD gRNA. These translocation and intrachromosomal deletion 

and inversion (7.3kb) have been validated by end point PCR. We will deliver RNPs 

formed by R-66SCD gRNA with WT- and HiFi-Cas9 respectively into SCD HSPCs and 

systematically identify large intra- and inter-chromosomal rearrangements in SCD 

HSPCs with HBB-cutting using NEW-Seq that has been validated with S-HUDEP2 

cells. The other de novo off-target sites identified by NEW-Seq will be validated by 

end point PCR. We will also modify the NEW-Seq method to identify off-target – off-

target translocations by modifying the primer design to bind to known off-target 

sites. The frequency of chromosomal translocations identified by NEW-Seq will be 

quantified using ddPCR. 

3. Determine the functional consequences of large deletions using HUDEP-2 

cell models 

The impact of large deletions in the globin locus can be variable. It has been well 

established that large deletions in ch. 11 can lead to high persistence of fetal 

hemoglobin (HPFH)[101]. CRISPR/Cas9 has been used to recapitulate beneficial 
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HPFH mutations by deleting the δ‐ and β‐globin genes (13 kb), γ‐δ intergeneic 

region (3.5 kb) and the Corfu region (7.2 kb) in erythrocyte precursor cells show 

potential therapeutic target for HbF induction [36, 108, 109]. Further, in individuals 

with Corfu δβ thalassemia deletion, efficient γ-globin mRNA production and HbF 

expression occur when β-globin mRNA levels fall below a critical threshold [110]. 

To determine the functional consequences of large deletions, we designed dual 

gRNAs to recapitulate Kenya (23kb deletions) and SD02 (13bp deletions) HPFH [36, 

109] and used them with HUDEP2 cells in Chapter 4. Our flow cytometry results 

confirmed that both the Kenya and SD02 HUDEP2 cell lines have a higher level of 

HbF compared with WT control. A similar method will be used to generate the Corfu 

HUDEP2 cell line. The large deletions (up to 3.8kb) at HBB on-target cut-site and 

chromosomal arrangements can result in the partial or total removal of HBB and 

surrounding sequences at the globin locus similar to that in naturally occurring 

HPFH deletions. To determine the functional consequences of large deletions and 

chromosomal translocations due to Cas9 cutting, we will generate HUDEP2 models 

of the large deletions and chromosomal rearrangements identified in SCD HSPCs by 

NEW-Seq. We have previously generated a HUDEP2 cell line with homozygous in the 

globin locus to model Kenya HPFH. To generate S-HUDEP2 cells with large deletions 

or translocations we will use the R66SCD RNP in combination with a second gRNA 

targeting the junction site of identified deletions or translocations. These cells will 

be single-cell sorted and screened for the presence of a large deletion or 

translocation by end point PCR. Cells heterozygous for the desired mutations will be 

selected and further characterized by quantifying the globin levels using HPLC. We 
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will study the effects of HBB genotype on the globin gene expression (HBB, HBG, 

HBD, HBA) in single-cell derived erythroid colonies by globin RNA-seq, which will 

allow for both genotyping and gene expression analysis from individual colonies 

and facilitate the correlation of genotype and phenotype. 

2.4.3. Determine the potential of inducing β-thalassemia due to 

HBB gene editing 

Delivery of CRISPR gRNA/Cas9 RNP and ssODN donor template into SCD CD34+ cells 

resulted in HBB editing of ~41% indels (NHEJ) and ~28% targeted donor insertion 

(HDR). As shown in Figure 27A, cells differentiated from SCD HSPCs treated with 

Cas9/gRNA RNP had a reduced amount of enucleated cells compared with mock-

treated SCD HSPCs, indicating a delayed maturation [111]. Cell viability was also 

reduced as expected, likely due to HBB-cutting induced apoptosis (Figure 27A). We 

found that the increase in the amount of F-cells from RNP treated SCD HSPCs 

compared with mock-treated sample became large over time (Figure 27B), and the 

HBG expression in RNP-treated cells increased significantly with time, while in 

mock-treated cells the HBG level had a slight increase from Day 5 to Day 7, then 

decreased (Figure 27C). The potential of RNP-treated SCD HSPCs for ex 

vivo erythropoiesis was investigated by analyzing cell surface markers CD71 and 

GPA at day 18 of differentiation. We found that for cells from RNP-treated SCD 

HSPCs, only 3.9% were CD71-/GPA+, a significant reduction from the 12.8% with 

mock-treated cells, indicating inefficient maturation due to RNP treatment. Our 

preliminary results suggest that there is a potential risk of inducing β-thalassemia 
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major, intermedia or minor due to the high level of small and large indels due to 

Cas9 cutting of HBB not repaired by HDR. 

We hypothesize that there is a potential risk of inducing β-thalassemia due to 

HBB gene editing in SCD CD34+ cells. This will be tested by quantifying the total 

hemoglobin protein levels and the complete hemoglobin profile using the HUDEP-2 

cell-line and cells from gene-edited CD34+ HSPCs. More extensive studies need to be 

performed to understand the large decrease in the amount of enucleated cells and 

the consequences of HBB cutting, including (i) HBB disruption from small frameshift 

indels; (ii) large indels at the HBB cut-site; (iii) intra- and inter-chromosomal 

rearrangements; (iv) aberrant and potentially pathogenic mutant hemoglobin 

production (e.g., unstable, toxic α-chain) as a result of in-frame mutation. All of these 

could affect cell maturation and viability. 
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Figure 27. The effect of HBB-cutting in SCD HSPCs on maturation of cells 

(A) The percentage of healthy cells (ANNEXIN V-/7-AAD+), apoptotic cells (ANNEXIV V+) 

and enucleated cells (ANNEXIN V-/HOECHST 34580-) at day 20 of differentiation.  

(B) The percentage of F-cells at day 8, 13 and 21 of differentiation.  

(C) Normalized HbG level in cells with RNP treatment compared with control.  

(D) The percentage of CD71-/GPA+ cells with RNP treatment compared with mock at day 18 

of differentiation.  

N=3 biological replicates in all experiments. 

1. Determine the risk of HBB-editing induced β-thalassemia using a sickle 

erythroid cell-line.  

To understand the impact of HBB gene editing on cells from SCD HSPCs, we have 

developed HUDEP2 cell lines with specific HBB indels generated by targeted 

insertion (TI). Umbilical Cord Derived Erythroid Progenitor 2 (HUDEP2) cells are an 

immortalized erythroid precursor cell line derived from human CD34+ 

hematopoietic stem cells that can differentiate into red blood cells [112]. The 
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advantage of using HUDEP2 cells is their uniformity, since CD34+ cells have 

individual genetic variability and mixed maturation stage. We engineered HUDEP2 

clonal cell lines by knock-in indels responsible for SCD (S-HUDEP2), β-thalassemia 

major (β0-HUDEP2) and β-thalassemia intermedia (β+-HUDEP2) using Cas9/gRNA 

RNP along with ssODN templates (Figure 28A) (Chapter 4). The engineered sickle 

HUDEP2 and β-thalassemia HUDEP2 cell lines exhibit the respective disease 

phenotypes upon in vitro erythroid differentiation, as demonstrated by HPLC 

(Figure 28B, C), and native PAGE (Figure 28D). The mutation, genotype and 

phenotype of each HUDEP2 cell lines engineered is given in Figure 28E. Edited and 

sham edited S-HUDEP2 cells will be cultured under expansion conditions, then 

allowed to differentiate through withdrawal of doxycycline (DOX). One week after 

removal of DOX, we will assess differentiation by flow cytometry measuring Band 3 

positivity, and measure HbA, HbF and HbS by HPLC. Total hemoglobin will be 

determined by measuring the areas under hemoglobin peaks detected by HPLC 

Total hemoglobin levels will also be measured by standard spectrophotometric 

methods. We will compare total hemoglobin levels in our edited and sham edited S-

HUDEP2 cells to that of our β-thal HUDEP cell lines, to assist in classifying the 

degree of quantitative hemoglobin defect induced by editing.  
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Figure 28. Engineered HUDEP2 cell models for SCD and β-thalassemia.  

(A) The design of ssODN donor templates for introducing the sickle mutation and β-thalassemia 

major 17(A<T) mutation respectively into wild-type (WT) HUDEP2 cells.  

(B) The SCD and β0/β0 clones respectively showing HbS expression (SCD) and HbF/HbA2 

expression and α-aggregates (β-thalassemia).  

(C) Hemoglobin profiles in parental WT, SCD, β-thal major (β0) and intermedia (β+) HUDEP2 

clones quantified by HPLC.  

(D) Native PAGE showing accumulation of α-aggregates over the course of differentiation.  

(E) A summary of engineered HUDEP2 cell lines. 

2. Determine the risk of HBB-editing induced β-thalassemia using gene-edited 

CD34+ HSPCs  

We will perform CRISPR gRNA/Cas9 RNP and ssODN donor template editing and 

sham editing in HSPC from three patients with SCD as previously described. Edited 

and sham edited HSPCs will be placed in two phase erythroid culture, and allowed 

to mature to the orthochromoblast stage, day 21 of culture. Maturation will be 

confirmed by Band3, CD71 and GPA positivity measured by flow cytometry. We will 

then obtain a hemoglobin profile via HPLC, and the total hemoglobin will be 

determined by measuring the areas under hemoglobin peaks detected by HPLC. 
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Total hemoglobin levels will also be measured by standard spectrophotometric 

methods. 

2.5. Materials and Methods 

Cells and cell culture media 

K562 (ATCC), U2OS (ATCC) and CD34+ cells were cultured at 37°C and 5% CO2. 

K562 cells were cultured in RPMI1640 (ATCC, Cat No. 30-2001) supplemented with 

10% FBS and L-glutamine. Frozen CD34+ cells from mobilized peripheral blood of 

normal individuals were purchased from AllCells. Peripheral blood CD34+ cells were 

acquired from SCD patients undergoing therapeutic red cell exchange at the Cancer 

& Hematology Centers, Texas Children’s Hospital (Houston, TX), under the approved 

IRB protocol H-33997. CD34+ HSPCs were purified from the peripheral blood as 

previously described [113]. Briefly, the mononuclear fraction was separated from 

the peripheral blood of patients with SCD by Ficoll-Hypaque (GE Healthcare) density 

centrifugation. CD34+ cells were extracted from the mononuclear fraction by 

immunomagnetic separation using the CD34 Microbeads Kit (Miltenyi Biotech, CD34 

MicroBead Kit UltraPure, human) according to the manufacturers’ instructions. 

Then the human erythroid progenitor cells were cultured and differentiated into 

erythroblasts using an ex vivo primary erythroid culture system with two phases. In 

expansion phase, cells were cultured in GMP SCGM (CellGenix) supplemented with 

300 ng/mL SCF (Peprotech), 100 ng/mL TPO (Peprotech), 300 ng/mL Flt3 ligand 

(Peprotech), and 60 ng/mL IL3 (Peprotech). In differentiation phase, cells were 
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cultured in SFEM II (StemSpan) supplemented with 20 ng/mL SCF, 10 ng/mL IL3, 3 

U/mL EPO (Peprotech), 10-5 M 2-mercaptoethanol, 10-6 M dexamethasone, 0.3 

mg/mL human holo-transferrin (Sigma Aldrich). Harvested CD34+ cells were 

cultured in expansion phase for 2-3 days before electroporation. 48 hours after the 

electroporation, 104 cells were transferred to 1 mL differentiation media in 24 well 

plates. Fresh differentiation medium was added every two days and cells were 

cultured at a density under 106 live cells/mL for 21-27 days before analysis. The cell 

count and viability were measured using trypan blue dye, 0.4% solution (Bio-Rad) 

and T20 Automated Cell Counter (Bio-Rad). 

Plasmid construction  

The SpyCas9 expressing plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9 [62] 

(Addgene plasmid #42230) was a gift from Feng Zhang. The pX330 vector was 

digested using BbsI, and a pair of annealed oligos was cloned into the vector before 

the gRNA scaffold.   

RNP and ssODN delivery using electroporation   

2 x 105 K562 cells (program FF-120, solution SF), U2OS cells (program CM-137, 

solution SE) and CD34+ cells (program CA-137, solution P3) were electroporated on 

a Lonza Nucleofector 4-D according to manufacturer’s instructions. In K562 cells 1 

µg of pX330 plasmid and 0-5 µM (1-100 pmol) ssODN template (Ultramer®  DNA 

Oligonucleotides from Integrated DNA Technologies) were transfected. In U2OS 1µg 

of pX330 plasmid and 100 pmol of dsODN were transfected for GUIDE-seq analysis. 

In CD34+ cells 5 µg (30.5 pmol) of Cas9 protein (Feldan Therapeutics or Integrated 
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DNA Technologies), 2.5 µg (73 pmol) of chemically synthesized gRNAs (TriLink 

BioTechnologies) and 0-5 µMof ssODN were transfected.  For mock-treated CD34+ 

cells, electroporation of the same amount of cells was performed using the same P3 

buffer and CA-137 program as the treated cells, but without RNP or ssODN. 

CD34+ cell colony formation assay  

48 hours after electroporation, cells were diluted to 5 x 103 cells/0.3 mL in IMDM + 

2% FBS. Once diluted, the cell sample was added to 2.7 mL tubes of Methylcellulose 

Medium for Human Cells (with Cytokines) (STEMCELL Technologies) and cultured 

according to the manufacturer’s protocol. The culture dishes were incubated for 14-

16 days before being assayed. The proliferation and differentiation potential of 

these cells were measured by the observation of the numbers and types of colonies 

grown in culture using a microscope. Zygosity of burst-forming unit erythroid (BFU-

E) colonies was assessed by droplet digital PCR assays.  

T7 Endonuclease I (T7E1) assay  

The HBB locus was amplified from genomic DNA (Accuprime Taq HiFi) using PCR 

primers to amplify a 669 bp region containing the target site (Table 5). 200 ng of 

purified PCR products were annealed and digested with T7 Endonuclease I (New 

England Biolabs) according to the manufacture’s instruction.  The digestion 

products were run on a 2% polyacrylamide gel with 1x GelGreen Nucleic Acid Gel 

Stain (Biotium). The fragmented PCR products were analyzed by ImageJ and the 

percent of nuclease-specific cleavage products was calculated using the formula: % 

Indel frequency= 100 x (1 – (1- fraction cleaved)1/2) [114]. 
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Droplet digital PCR (ddPCR) 

As the identification of optimal genome editing conditions requires a rapid and cost-

effective method to accurately measure gene-editing frequencies mediated by 

CRISPR/Cas9 systems, we developed a probe-based ddPCR assay that can 

simultaneously quantify the levels of HDR, NHEJ and unmodified alleles at the 

endogenous locus (Figure 12). For the allele quantification assay, probe based 

reaction mixes were prepared with 15 ng genomic DNA template, 1x ddPCR 

Supermix for Probes (Bio-Rad), 900 nM target primers, 250 nM target probes 

(Eurofins Genomics) and 10 U HindIII-HF restriction enzyme in each 20 l reaction 

mix. For colony genotyping, BFU-E colonies were resuspended in 10 μl of 

QuickExtract DNA extraction solution (Epicentre) and 1 μl of colony lysate was used. 

For the chromosomal rearrangement assay, reactions were prepared with 50ng 

genomic DNA template, 1x QX200 ddPCR Evagreen Supermix (Bio-Rad), 100 nM 

target primers, 10 U HindIII-HF restriction enzyme (New England Biolabs) in each 

20 l reaction mix. To quantify all types of editing outcomes, 3 PCR reactions were 

run simultaneously. The inversion and deletion PCR assays were carried out using a 

pair of primers spanning the un-rearranged on-target site, the expected junction 

point on inverted allele, or the deleted allele. The reference PCR from non-target 

chromosome estimates the expected copy number of chromosome 11 in the 

reaction. PCR was performed according to the manufacturer’s cycling protocol with 

optimized annealing temperature. The primer and probe sequences for ddPCR 

assays are provided in Table 5. 
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Hemoglobin native PAGE 

Hemoglobin variants were separated by native PAGE as follows: CD34+ HSPCs were 

differentiated for 14-21 days prior to protein extraction. Cells were resuspended in 

1X Halt Protease and Phosphatase Inhibitor Cocktails (Thermo Scientific) in water 

and lysed using freeze/thaw method. The hemolysates were mixed in 1:2 ratio with 

Native PAGE Sample Buffer (Bio-Rad). The samples were run on a 4–20% Mini-

PROTEAN® TGX™ Precast Protein Gels (Bio-Rad) in 1x Tris/Glycine running buffer 

(Bio-Rad) until the AFSC Hemo Control (Helena Laboratories) reaches the bottom of 

the gel. Proteins were transferred to a PVDF membrane using the Trans-Blot Turbo 

Transfer System (Bio-Rad). The membrane was blocked at RT for 30 min in 5% non-

fat dry milk (NFDM) in 1X TBS-T, incubated with primary antibodies for hemoglobin 

alpha subunit (Abcam, EPR3608) at 4°C overnight, then incubated with Goat Anti-

Rabbit IgG H&L secondary antibody (Abcam, ab6721) at RT for 1 hr. Blots were 

visualized using SuperSignal™ West Pico PLUS Chemiluminescent Substrate 

(Thermo Scientific) and imaged on ChemiDoc MP imaging system (Bio-Rad).  

HPLC (High Pressure Liquid Chromatography) 

Hemoglobin variants were identified by HPLC [115, 116]. Primary erythroid cells 

were lysed in HPLC grade water, and then centrifuged at 20,000g for 20 minutes at 

4°C to remove cell debris. The absorbance of total hemoglobin variants was detected 

at 415nm using a 100x4.6mm PolyCAT A™ column (PolyLC Inc, # 104CT0315) fitted 

to a Waters HPLC system. The area under the peaks were used to quantify the 
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hemoglobin fractions. The total area under the HbS and HbF peaks were used for 

ratio comparisons [115, 117]. 

RP-HPLC (reverse phase high performance liquid chromatography) 

RP-HPLC assays were performed on an Agilent 1260 Infinity II HPLC system with 

Diode Array Detector [118, 119]. The chromatographic column is Aeris™ 3.6 µm 

WIDEPORE XB-C18 200 Å , LC Column 250 x 4.6 mm behind a securityGuard™ 

ULTRA cartridge (Phenomenex). Solvent A:  0.1% trifluoroacetic acid in HPLC grade 

water at pH 2.9. Solvent B: acetonitrile.  The linear gradient developed from 41 % of 

solvent B to 47% of solvent B to separate and analyze the various globin chains. 

In vitro sickling assay 

On day 21 of culture, SCD CD34+ HSPCs were incubated in a 2% oxygen environment 

for four hours. Cellular morphology imaging was performed using an Olympus ZX71 

microscope at 40X magnification within 10 min of exposure to atmospheric oxygen 

[120-122]. Sickled cells were counted and scored by manual examination by a board 

certified hematologist blinded to sample identity. Eight individual fields were scored 

per sample, and percentage sickled cells recorded. 

Off-target identification 

Bioinformatic prediction of potential off-target sites for R-66 and R66 SCD was 

carried out using the web-based tool CRISPR Search with Mismatches, Insertions 

and/or Deletions (COSMID) [67] with up to 3 mismatches or with up to 2 

mismatches and an insertion or deletion allowed in the 19 PAM proximal bases. The 
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Homo sapiens genome assembly GRCh38/hg38 genome build was used as a 

reference. Genome-wide, unbiased identification of DSBs enabled by sequencing 

(GUIDE-Seq) [82] was used for experimental identification of potential off-target 

sites. Briefly, a plasmids expressing Cas9 and R-66 or R-66 SCD were nucleofected 

into U2OS cells as previously described [82]. Genomic DNA was extracted 3 days 

after electroporation, sheared using a Covaris M220 focused ultrasonicator to an 

average size of 500 bp. The DNA was prepared and sequenced on an Illumina MiSeq 

and the resulting sequencing data analyzed using the standard pipeline [82] with a 

reduced gap penalty.  

Quantification of on-target and off-target activity by deep sequencing  

DNA flanking the gRNA on- and off-target sites was amplified using locus-specific 

primers followed by a second PCR to introduce Illumina sequencing adaptors and 

sample barcodes. Each sample was normalized to 50 nM and the pooled library was 

quantified using KAPA QC: Library Quantification Kit (KAPABIOSYSTEMS) and 

sequenced on the Illumina MiSeq. Sequencing libraries were also prepared using 

RNase-H dependent primers to facilitate PCR multiplexing (Integrated DNA 

Technologies). 50ng of genomic DNA was used for multiplex PCR using rhAmpSeq 

HotStart Master Mix (Integrated DNA Technologies) and a primer pool for all 

R66SCD off-target sites. An initial enrichment amplification of 10 cycles was carried 

out. The PCR products were purified using SPRI beads and barcoded using unique 

P5 and P7 indexing primers for each amplified pool in a second PCR reaction using 

rhAmpSeq HotStart Master Mix for 18 cycles. The library preparation and sample 
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loading were performed according to standard Illumina MiSeq library prep. CRISPR-

Cas9 genome editing outcomes from deep sequencing data was analyzed using a 

custom pipeline [82], CRISPResso [73] and a MATLAB script. 

Transplantation of peripheral blood SCD CD34+ HSPCs in NSG mice  

Six- to eight-week old immunodeficient non-obese diabetic (NOD)-severe combined 

immunodeficiency (SCID) Il2rg−/− (NSG) mice (Jackson laboratory, Bar Harbor, ME 

442 USA) were sub-lethally irradiated with 200 cGy 12-24 hours before 

transplantation to clear the mouse bone marrow niche. Unmobilized peripheral 

CD34+ cells were isolated from patients undergoing red cell exchange therapy and 

frozen in cryopreservation medium consisting of 5% DMSO in combination with 

10% ES Cell FBS (ES009B, Life Technologies) in IMDM. Cells were thawed and 

cultured in expansion media for two days before electroporation. Two days post-

delivery of WT Cas9/gRNA RNP and ssODN for HBB gene editing (less than a 96 

hours total culture period), gene edited or mock electroporated SCD CD34+ HSPCs 

were counted and 5x105 viable cells were spun down and then resuspended in 30 l 

PBS for intrafemoral transplantation. For intrafemoral transplantation, a 27-gauge 

needle was used to create an injection site through the patella and then a 29-gauge 

needle was used to transplant the resuspended cells through the patella and into the 

right mouse femur. Mice were randomly assigned to each experimental group and 

analyzed in a blinded fashion. The experimental protocol was approved by Stanford 

University’s Administrative Panel on Laboratory Animal Care. 

Transplantation of BM SCD CD34+ HSPCs in NSG mice  
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The frozen bone marrow cells from SCD patients were thawed shortly before CD34+ 

HSPC isolation. Cells were cultured for 3 days prior to electroporation to deliver 

HiFi Cas9/gRNA RNP and ssODN template for HBB gene correction. Two days post-

electroporation, cells were cryopreserved. These cells were then thawed and 

injected intravenously into NSG mice within 24 hours of thawing. 5x105 viable cells 

were injected per mouse. Due to low post-thaw recovery of Donor1 RNP and ssODN 

sample, 3x105 viable cells were injected per mouse. The mice were euthanized at 

Week 16 after transplantation, and the BM was harvested to determine the 

engraftment potential.  

Human cell engraftment analysis 

16-19 weeks after transplantation, mice were euthanized and mouse bone marrow 

was harvested (2x femur, 2x tibia, sternum, 2x pelvis and spine) and then crushed 

using a mortar and pestle in 5mL RPMI supplemented with 10% fetal bovine serum, 

100mg/mL streptomycin, 100unit/mL penicillin, 2mM L-glutamine, 4U/mL heparin, 

and 20U/mL DNase. Cells were filtered through a 45m mesh, incubated at 370C for 

10 minutes, and then subjected to a Ficoll gradient centrifugation for 25 min at 

2,000rpm (with full acceleration and no break).  After centrifugation, mononuclear 

cells were collected from the Ficoll layer (max 5mL), were washed with 45mL FACS 

buffer (1X PBS supplemented with 2% FBS and 2mM EDTA), spun down at 300 x g 

and then resuspended in the human engraftment staining cocktail that consisted of 

the following antibodies: monoclonal anti-human HLA-ABC APC-Cy7 (W6/32, 

BioLegend), anti-human CD45 V450 (HI30 BD Biosciences), anti-mouse CD45.1 PE-
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Cy7 (A20, eBioScience, San Diego, CA, USA), anti-human CD19 APC (HIB19, BD511 

Biosciences), CD33 PE (WM53, BD Biosciences), as well as anti-mouse mTer119 PE-

Cy5 (TER-119, BD Biosciences) to facilitate the exclusion of mouse RBCs from the 

analysis. Cells were stained for 30 minutes at 40C on ice and protected from light.  

Stained cells were then washed and resuspended in FACS buffer supplemented with 

propidium iodide to detect dead cells.  Cells were analyzed on a BD FACS Sort II Aria 

where human engraftment was defined as HLA-ABC+/CD45+ cells.  Human cells 

were then sorted into PBS, spun down, resuspended in QuickExtract DNA extraction 

solution (Epicentre) and gDNA was harvested following the manufactures 

recommendations.  HBB alleles were then quantified for NHEJ, HDR or WT by deep 

sequencing as described above.   

Statistics  

SPSS Statistics (SPSS) was used for all the calculations. Data was analyzed using 

Student’s t-tests or one-way ANOVA and post hoc multiple comparison tests. The 

difference with p < 0.05 was considered statistically significant (* denotes p < 0.05; 

# denotes p < 0.01). Figures were prepared using GraphPad Prism (GraphPad 

Software). 
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Chapter 3 

AIM2: Unintended Consequences of 

CRISPR/Cas9 Mediated Genome Editing 

for Treating Sickle Cell Disease and β-

Thalassemia 

This chapter is comprised of author’s first-authored research publication in 

preparation.  

 

3.1. Introduction 

Sickle cell disease (SCD) is a devastating chronic illness marked by severe pain, end-

organ damage and early mortality [51, 123, 124]. SCD is caused by a point mutation 

in the β-globin gene (HBB). A single nucleotide substitution converts glutamic acid 

to a valine that leads to the production of sickle hemoglobin (HbS). With the 

advancement of CRISPR/Cas9 technology, there are several possible gene editing 

strategies to ameliorate SCD among which correction of SCD mutation or induction 

of fetal hemoglobin (HbF) can be curative. Delivering CRISPR gRNA/Cas9 
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ribonucleoproteins (RNPs) together with a corrective template into SCD patient-

derived hematopoietic stem and progenitor cells (HSPCs) resulted in a significant 

rate of SCD mutation correction on the HBB [29, 57, 125, 126]. CRISPR mediated 

recapitulation of naturally occurring 13-nt Hereditary persistence of fetal 

hemoglobin (HPFH) deletion in the gamma-globin gene (HBG) promoter [127] and 

disruption of the GATA1 binding site at the B-cell lymphoma/leukemia 11A 

(BCL11A) erythroid enhancer resulted in therapeutic HbF induction in human 

HSPCs [128].  

It has been well established that, in order to achieve a therapeutic effect in 

SCD HSPCs, the efficiency of Cas9 cutting at the on-target site must be high [29, 57, 

125, 126]. Due to Cas9 cutting at the off-target sites, large chromosomal 

rearrangements between the on-target and off-target cut-sites such as chromosomal 

deletions, translocation and inversion can occur in SCD HSPCs [29, 129, 130]. Recent 

reports reduced Cas9 off-target activity and rearrangements between on and off-

target sites using High Fidelity (HiFi) Cas9 [131] and performed a thorough 

characterization of off-target activity at sites discovered by genome-wide, unbiased 

identification of DSBs enabled by sequencing (GUIDE-seq) [45] and in-silico 

prediction tools [132]. Although after Cas9 cutting the majority of the on-target 

double-strand breaks (DSBs) result in small insertions or deletions (INDELs) of less 

than 20 bp long [133], it has been shown recently that large deletions and insertions 

can occur at the on-target cut-site [134, 135]. Short-range PCR amplification 

followed by Next Generation Sequencing (S-R NGS) cannot detect alleles containing 
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large modifications and miss a substantial proportion of editing events, resulting in 

an incorrect understanding of genome editing outcomes.  

We tested previously described CRISPR/Cas9 mediated therapeutic genome 

engineering strategies in SCD patient CD34+ HSPCs to study the challenges of 

detecting unintended repair outcomes and provide a more thorough 

characterization of repair outcomes. First, to understand the frequency of large 

modifications and how editing frequencies in the bulk population translate to the 

zygosity in individual cells, we performed single-cell genotyping using Sickle Human 

Umbilical Cord Derived Erythroid Progenitor (S-HUDEP2) [136] treated with R-66S 

HiFi RNP targeting the SCD mutation site on the HBB [29]. The genotype of each 

clone was identified by S-R NGS and two additional complementary screening 

methods to account for the drop-out of alleles with large INDELs or rearrangements. 

Next, we utilized a dual reporter cell model, droplet digital PCR (ddPCR) copy 

number assay to characterize the large modifications. We developed LongAmp-Seq 

(Long-range PCR Amplification based Sequencing) assay based on Illumina short-

read platform for high throughput discovery and quantification of large 

modifications as well as small INDELs at the Cas9 cut-site. We found significant 

unintended consequences in SCD patient HSPCs treated with CRISPR-Cas9 genome 

editing approaches using gRNAs targeting HBB [29, 126], HBG [127] and BCL11A 

[128]. A diverse array of on-target repair outcomes detected by LongAmp-Seq 

includes large DNA structural variants such as large deletions, insertions and 

complex rearrangements. Our results showed that the current assessments using S-

R NGS miss a substantial proportion of Cas9-induced mutations resulting in a 
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significant misunderstanding of both allele frequencies and genotype frequencies. 

As the rapid development of CRISPR-based therapeutic applications, a simple but 

accurate and reliable method that can determine the comprehensive editing 

outcome is in great demand to study the potential detrimental consequences of 

unexpected mutations. Potential large deletions and insertions at the on-target and 

off-target cut-sites in gene-edited SCD HSPCs remain a significant safety concern as 

even a small number of HSCs harboring these uncharacterized events could result in 

uncontrolled clonal expansion in vivo and lead to hematopoietic malignancies.   

3.2. Results 

3.2.1. The high proportion of large deletion alleles and 

genotypes in R-66S RNP treated S-HUDEP2  

To understand the frequency of large deletion and how editing frequencies in the 

bulk population translate to the zygosity in individual cells, we performed single-cell 

genotyping using R-66S HiFi RNP targeting the SCD mutation site on HBB in S-

HUDEP2 . HUDEP-2 is an immortalized CD34+ hematopoietic stem cell derived 

erythroid precursor cell line that can differentiate into red blood cells and has been 

widely utilized in conjunction with the CRISPR/Cas9 system [136]. The genotype of 

each clone was identified by S-R NGS and two additional complementary screening 

methods to account for the drop-out of large deletion alleles: Long-Range(L-R) PCR 

followed by gel shift assay (Figure 29A and B) and ddPCR HBB copy number 

analysis (Figure 30). The long-range PCR primers amplify 5 kb or larger region 
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spanning the CRISPR target site and alleles containing a large deletion within the 

long-range PCR primer binding sites will generate smaller PCR products. Long-

range PCR amplification resulted in smearing and downward size-shifted bands on 

an agarose gel in R-66S RNP treated samples compared to untreated indicating 

CRISPR induced large deletions at HBB. Because clones with a large deletion on one 

allele would be falsely identified as homozygotes in S-R NGS, we identified false-

positive homozygotes by long-range PCR gel shift assay. However, large deletions 

removing L-R PCR primer binding site/s or chromosomal rearrangement cannot be 

amplified. Therefore, we checked the copy number of HBB relative to a reference 

gene using the ddPCR assay (Figure 30). Figure 29B is a representative agarose gel 

image showing the S-R PCR and L-R PCR products of 8 clones from R-66S RNP 

treated S-HUDEP2. For clone 1, the absence of the S-R PCR band and two size shifted 

L-R PCR bands suggest two large deletion (LD) events (LD/LD genotype) (Figure 

29B and C). For clones 2-4, one expected sized band and one downward shifted L-R 

band suggests these clones are carriers for large deletion (Small INDEL (SI)/LD 

genotype) (Figure 29B and C). Although clone 8 does not have a size shifted L-R PCR 

band, this clone carries one large deletion based on the ddPCR assay showing half 

the HBB copy number relative to the reference copy number (SI/LD genotype) 

(Figure 29B, C, Figure 30D). We compared the genotype results based on S-R NGS 

with the combination of the three assays (Figure 29D). According to the S-R NGS, 

there are 45 clones with heterozygous SI and 46 clones with homozygous SI (Figure 

29D). We previously showed that CRISPR/Cas9 cutting of HBB could be repaired 

using the homologous sequences from the γ-globin gene (HBD) as an endogenous 
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template, resulting in SCD mutation correction [29]. Two clones had homozygous 

SCD mutation correction mediated by HBD gene conversion (Figure 29D). Six clones 

failed to amplify S-R PCR products. SI/LD, LD/LD, and HBD/LD genotypes were not 

detected by S-R PCR (Figure 29D). On the other hand, the combination of these three 

assays showed the correct genotype results: out of 46 clones previously identified as 

homozygous SI genotype by S-R NGS, only 4 clones were indeed homozygous SI 

while 42 clones carried large deletion (Figure 29D). The six clones that failed to 

amplify S-R PCR product had LD/LD genotype (Figure 29D). Two clones with HBD 

conversion were carriers for a large deletion. We found that in R-66S RNP treated 

sample, the 28% large deletion alleles occurred within 48% of clones (Figure 29D). 

This allelic to genotypic rate of large deletions fits the Hardy-Weinberg predictions 

(48%). This resulted in significant overestimation of the percentage of SI alleles by 

S-R NGS; 97.8% SI and 2.1% HBD alleles incorrectly identified by S-R NGS compared 

to 71% SI, 28% LD and 1% HBD alleles identified by the three assays (Figure 29E). 

Our results show that nearly half of the edited cells have an unintended large 

deletion disrupting the HBB and surrounding sequence in S-HUDEP2.  

 Next, we performed clonal genotyping on S-HUDEP2 cells treated with 

R-66S HiFi RNP and corrective ssODNs (Figure 31). We found that 15% of large 

deletion alleles occurred within 26% of clones and 4.3% of large insertion alleles 

within 8.7% of clones (Figure 31D) comparable to the prediction by multi-allele 

Hardy–Weinberg equation (27.8% LD, 8.4% LI clones). This resulted in a significant 

overestimation of the percentage of HDR alleles by S-R NGS; 64% HDR incorrectly 
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identified by S-R NGS compared to 54% HDR identified by three assays (Figure 

31E).  

 

Figure 29. The high proportion of large deletion alleles and genotypes in R-66S RNP treated 

S-HUDEP2 

S-HUDEP2 treated with R-66S HiFi RNP was assayed as single cell clones using S-R NGS, L-R 

PCR, and ddPCR copy number assays for clonal genotyping. 

(A) S-R and L-R PCR primer designs to amplify the region around the R-66S cut-site on HBB.  

(B) Agarose gel image showing the S-R PCR and L-R PCR bands of 8 representitive clones. The 

S-R PCR primers amplify 300 bp region spanning the cut-site and alleles containing large 

deletion would fail to generate PCR product. The L-R PCR primers amplify 5.5 kb region 

spanning the cut-site and alleles containing a large deletion within the long-range PCR primer 

binding sites will generate smaller PCR products. 

(C) Clonal genotype of 8 clones determined by three essays. For clone 1, the absence of S-R PCR 

band and two size shifted L-R PCR bands suggest LD/LD genotype. For clones 2-4, one expected 

sized band and one downward shifted L-R band suggests SI/LD genotype. Although clone 8 does 

not have a size shifted L-R PCR band, this clone has SI/LD genotype based on the ddPCR assay. 

(D) Table showing the genotype results based on S-R NGS with the combination of the three 

assays.  

(E) S-R NGS significantly overestimated the percentage of SI alleles; 97.8% SI and 2.1% HBD 

alleles incorrectly identified by S-R NGS compared to 71% SI, 28% LD and 1% HBD alleles 

identified by the three essays. 
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Figure 30. Design and validation of ddPCR assay for quantification of the HBB copy 

number 

The EvaGreen-based ddPCR HBB copy number assay consists of two separate PCR reactions: a 

primer pair targeting HBB on chr11 and a primer pair targeting reference gene on chr12. Alleles 

containing large deletions removing primer binding site/s or chromosomal rearrangements cannot 

produce HBB signal. Therefore, we checked the copy number of HBB relative to a reference gene 

(CACNA1C).  

(A) A HBB forward primer binds 68bp upstream of the cut-site and a reverse primer binds 100bp 

downstream of the cut-site.  

(B) ddPCR amplitude plot for 3 representative clones showing droplets containing signals from 

HBB amplification.  

(C) ddPCR amplitude plot for 3 representative clones showing droplets containing signals from 

CACNA1C amplification.  

(D) Copy number of HBB was normalized by copy number of CACNA1C to figure out number of 

alleles (0, 1 or 2) carrying large deletion in each clone. For clone 1, the absence of the HBB copy 

number indicates two large deletion (LD) alleles. For clone 5, 100% of HBB copy number 

indicates the absence of LD. For clone 8, 50% HBB copy number indicates one LD. 
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Figure 31. R-66S HiFi RNP and corrective ssODN treated S-HUDEP2 clonal genotyping 

S-HUDEP2 treated with R-66S HiFi RNP and corrective ssODN was assayed as single cell 

clones using Illumina short-read sequencing (NGS), long-range PCR, and ddPCR copy number 

assays for clonal genotyping.  

(A) Representative agarose gel image showing the S-R PCR and L-R PCR products of 8 clones.  

Clone 1 contains a combination of an upward size-shifted and a downward size-shifted banding 

pattern, suggesting an approximately 100bp large insertion and a small deletion (LI/SD 

genotype).  Although the insertion allele was amplified by S-R PCR, the NGS analysis failed to 

detect this particular allele, providing a genotype of near 100% -26bp deletion.  In order to 

capture this large insertion, the alignment threshold was reduced from >80% to >70%.  NGS 

analysis under the adjusted alignment conditions indicated 35% of reads corresponded to a 66bp 

insertion and the remaining 65% of reads the previously detected -26bp deletion.  While this 

clonal genotyping of heterozygotes should yield 50/50 representation of each allele, the +66/-26 

size differences between these alleles creates a significant PCR bias towards smaller amplicons. 

The insertion alleles for Clone7 were similarly lost during the standard alignment step, and 

regained upon reducing the reference alignment threshold.  This clone was then genotyped at 

45% large insertion (+90bp) to 55% HDR (LI/HDR genotype).  For clone 4, the absence of S-R 

PCR band and size shifted L-R PCR bands suggest two large deletion events (LD/LD genotype). 

(B) Table of genotype for 8 clones based on (A).  

(C) Out of 8 clones carrying large insertion, 7 clones harbor partial ssODN insertion, suggesting 

incorporation of ssODN at the DSBs instead of HDR-mediated precise SCD mutation correction. 

(D) The combination of three assays showed the correct genotype results: out of 24 clones 

previously identified as homozygous HDR genotype by S-R NGS, 18 clones were homozygous 

HDR while 8 clones carried large deletion. Two clones that failed to amplify S-R PCR product 

have LD/LD genotype. Two clones with homozygous SI during S-R PCR were in fact carriers for 

large deletion.  

(E) 64% HDR incorrectly identified by S-R NGS compared to 54% HDR alleles identified by 

three assays. 

3.2.2. GFP and BFP dual reporter K562 cell model to validate 

large deletion at on-target site  

We established a K562 clonal cell line with targeted integration of EGFP and TagBFP 

expression cassette surrounding the R-66S target site into the β-globin locus to 

report large deletion events by loss of fluorescent expression (Figure 32A). The 

established dual reporter cell line carries one copy of the expression cassette and 

co-expresses GFP and TagBFP (Figure 32B). Large deletions disrupting EF1α-GFP 
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(100 bp upstream of the cut site) or CMV-BFP (100 bp downstream of the cut site) 

expression cassette will result in loss of reporter expression (Figure 32A). 

Delivering low dose (7.5 pmol) or high dose (30 pmol) R-66S HiFi RNP resulted in 

35% or 75% small deletions of up to -19 bp according to the Sanger sequencing 

followed by Inference of CRISPR Edits (ICE) analysis [137], respectively. Although 

ICE only detected small INDELs, low dose or high dose RNP resulted in 6% (Figure 

32C) or 39% (Figure 32D) loss of dual positive cells, respectively. Next, we bulk 

sorted cells treated with high dose RNP based on the reporter expression into four 

populations: GFP+BFP-, GFP+BFP+, GFP-BFP- and GFP-BFP+. We used ddPCR with 

primer pairs at variant distances away from the R-66S cut-site to assess relative 

copy numbers and found that the reporter knock-out was caused by large deletions 

disrupting the GFP or BFP (Figure 32E and F). Surprisingly, the large deletions to 

small INDELs ratios were highly dependent on the RNP dosage increasing from 0.17 

with low dose to 0.52 with high dose. This model cell line demonstrated a significant 

percentage of large deletions induced by a single gRNA targeting sickle HBB 

sequences and will be used to further optimize assays for accurate quantification of 

large deletion.  
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Figure 32. GFP and BFP dual reporter K562 cell model to quantify large deletion at R-66S 

target site by reporter knock-out 

(A) Schematic of targeted integration of EGFP and TagBFP expression cassette surrounding the 

R-66S target site into the β-globin locus 

(B) Flow cytometry plot confirming stable dual reporter expression in the established clonal cell 

line 

(C) Flow cytometry plot showing reporter knock-out with low dose (7.5 pmol) R-66S HiFi RNP 

treatment: 1.7% GFP+BFP-, 94.0% GFP+BFP+, 2.6% GFP-BFP- and 1.7% GFP-BFP+ 
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(D) Flow cytometry plot showing reporter knock-out with high dose (30 pmol) R-66S HiFi RNP 

treatment: 2.9% GFP+BFP-, 61.1% GFP+BFP+, 15.4% GFP-BFP- and 20.5% GFP-BFP+ 

(E) ddPCR results showing the copy number depletion around the cut-site in the high dose RNP 

sample  

(F) The high dose RNP treated cells were bulk sorted into four populations based on the reporter 

expression: GFP+BFP-, GFP+BFP+, GFP-BFP- and GFP-BFP+. ddPCR results showing the copy 

number depletion around the cutsite in the four sorted populations. The identified deletion 

patterns correlated well to the reporter phenotypes. 

3.2.3. Development and validation of LongAmp-seq for high-

throughput detection of large deletions, insertions and 

complex rearrangements 

For high throughput discovery and quantification of large modifications, we 

developed LongAmp-Seq assay to quantify small INDELs as well as large deletions 

and insertions at the cut-site. The LongAmp-seq is based on long-range PCR 

amplification around the Cas9 cut site followed by tagmentation, adaptor extension 

and Illumina paired-end sequencing (Figure 33A). We built a custom bioinformatics 

pipeline for sequence merging, alignment, filtering and identification of repair 

outcomes including small INDELs (<50 bp), large deletions (>200bp), large 

insertions (50 - 300bp) and local complex rearrangements. The maximum 

identifiable deletion and insertion length was limited by the long-range PCR 

amplicon size and the read length of sequencer, respectively.  

We first utilized our dual reporter cell model to validate that LongAmp-seq is 

capable of quantifying large deletions. Our ddPCR copy number analysis showed 

large deletion pattern towards upstream of the cut-site (GFP side). Because of the 
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asymmetric pattern, we used a 9.4 kb in-out long-range PCR approach to specifically 

amplify the reporter cassette: The outer primer binds to 8.4kb upstream of the cut 

site, and the inner primer binding site on BFP is 1kb downstream of the cut-site 

(Figure 33B). We subjected untreated, the four FACS sorted populations with 

different combinations of reporter expressions, low and high dose R-66S RNP 

treated samples to LongAmp-seq analysis. Both the read coverages and identified 

deletion patterns of four FACS sorted samples from the LongAmp-seq analysis 

correlated well to the reporter phenotypes (Figure 33B and Figure 34). These 

results showed the potential of LongAmp-seq approach of large deletion profiling. In 

RNP bulk edited samples, LongAmp-seq underestimated the frequency of large 

deletions disrupting GFP (GFP-BFP- and GFP-BFP+) compared to the FACS results 

(Figure 35). This is likely due to the alleles containing large deletions extending 

beyond the outer-primer binding site which cannot be PCR-amplified and detected 

by LongAmp-seq.  

Next, to study the size and frequency of large modifications in therapeutically 

relevant SCD HSPCs, we used L-R PCR to enrich the 5.5kb amplicon surrounding the 

HBB cut-site from R-66S HiFi RNP treated or untreated samples. The L-R PCR 

products were processed respectively by LongAmp-seq and Nanopore long-read 

sequencer (Oxford Nanopore Technologies) with custom pipeline in parallel. We 

observed a comparable read coverage depletion pattern of the RNP treated sample 

in both short- and long-reads sequencing, demonstrating that LongAmp-seq library 

preparation barely introduced extra bias (Figure 33C). LongAmp-seq and Nanopore 

analysis showed comparable percentages of reads containing large deletions in 
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treated/untreated, with the numbers of 31.05% / 0.07% ± 0.0% and 22.7% / 0.12%, 

respectively. Besides, we showed comparable small INDELs frequency and profiles 

quantified by LongAmp-Seq and S-R NGS (Figure 33D). The high error rates of 

Nanopore resulted in suboptimal alignments [138], and limited their sensitivity in 

small INDELs detection [139]. On the other hand, Nanopore platforms offered long-

read sequencing, which aided our large insertion detection. Nanopore data revealed 

that 1.1 % of reads contained large insertions. While Longamp-Seq assay is limited 

by the Illumina sequencer read length (2 x 300bp), most of the identified large 

insertion (95%) were in the length range of identifiable insertions (up to 320 bp). In 

addition, we detected reads with complex rearrangements including repeated 

sequences, inverted sequences, inverted repeats as well as large deletions occurring 

away from the cut-site as a result of repair mechanisms other than simple DSBs end 

joining.  

Long range PCR of the repaired locus after gene editing can be subjected to 

variable PCR amplification efficiencies, potentially enriching small amplicons 

carrying large deletion events with increasing PCR cycle numbers (Figure 36). To 

compensate the PCR bias, and to overcome the potential misalignments resulted 

from PCR or sequencing errors, we attempted to profile unique large deletion events 

out of the known input allele number and use it as a lower bound of large deletion 

rate. We further implemented a clustering strategy and utilized a structural variant 

calling tools DELLY [140] for a unique large deletion profile with high confidence. 

We used gDNA from 10,000 unique input alleles for L-R PCR and obtained the total 

aligned read number for an average coverage over 70x of each allele for LongAmp-
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seq and Nanopore, respectively. We used the pair of [start position; length] as a two-

dimensional representation of each deletion and utilized DBSCAN [141] for 

clustering, which used the Euclidean distances of those points as the distance 

measurement input.  

We visualized the spatial distribution of large deletions by their mid-point 

positions and lengths, and the clumps overlapping in both LongAmp-seq and 

Nanopore results showed the similarity of deletion distribution profiles (Figure 

33E). Deletions larger than 200 bp are mapped relative to the cut-site (‘0’), and each 

bar represents a unique deletion event showing the diverse size and symmetricity of 

large deletions (Figure 33F). Next, we subjected technical and biological replicates 

of R-66S HiFi treated samples to LongAmp-seq with 7x average coverage. We found 

that coverage of 7x was suitable for profiling unique large deletion events from 

10,000 unique input alleles. Therefore, we used 7x coverage in subsequent 

LongAmp-seq runs, and the large deletion profiles before clustering and after DELLY 

calling are both provided. Overlapping clusters in technical replicates showed that 

we are detecting most of the unique events at reduced coverage. We observed 

similar rates and distributions of large deletions within biological replicates, 

demonstrating gRNA sequence and locus dependent profile. On the other hand, non-

overlapping clusters in biological replicates indicate unique and diverse large 

deletion events (Figure 33G).   
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Figure 33. Development and validation of LongAmp-seq for high-throughput detection of 

small INDELs and large deletions 

(A) Schematics of the LongAmp-seq assay based on long-range PCR amplification around the 

Cas9 cut site followed by tagmentation, adaptor extension, size selection and Illumina paired-end 

sequencing. We built a custom bioinformatics pipeline for sequence alignment, filtering and 

identification of repair outcomes including small INDELs, large deletions, insertions and 

complex rearrangements.      

(B) We used a 9.4 kb in-out L-R PCR to specifically amplify the reporter cassette and subjected 

untreated, high dose R-66S RNP treated and the four FACS sorted populations to LongAmp-seq 

analysis. LongAmp-seq read coverages of four FACS sorted samples showing the expected 

deletion pattern around the cut-site associated with the reporter phenotype. 

(C-G) We used gDNA from 10,000 unique input alleles for L-R PCR to enrich the 5.5kb 

amplicons surrounding the HBB cut-site from R-66S HiFi RNP treated or untreated samples. L-R 

PCR products were processed by LongAmp-seq and Nanopore long-read sequencer in parallel 

with the total aligned read number for an average coverage over 70x of each allele.  

(C) We observed a comparable read coverage depletion pattern of the RNP treated sample in both 

short- and long-reads sequencing demonstrating large deletions.  
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(D) Comparison of the R-66S HiFi RNP small INDELs profile, quantified by S-R NGS (blue) 

and LongAmp-seq (red). The INDEL profiles were generated using reads that are aligned to the 

HBB +/- 50bp window. N=2 biological replicates, Mean ± SEM 

(E) We used the pair of [start position; length] as a two-dimensional representation of each 

deletion and utilized DBSCAN for clustering, which used the Euclidean distances of those points 

as the distance measurement input. The overlapping clusters in both LongAmp-seq and Nanopore 

results showed the similarity of deletion distribution profiles. The blurs around dark points were 

noises from poor Nanopore mappings. 

(F) Unique large deletions larger than 200 bp are mapped about the on-target cut site (marked at 

‘0’). Each black bar represents a unique deletion event showing diverse size and symmetricity of 

large deletions. Note that the large deletions at the HBB on-target size can result in the removal of 

HBB and surrounding sequences at the globin locus. 

(G) Comparison of the unique large deletion clusters of two biological replicates treated with R-

66S HiFi RNP showing unique and diverse large deletion events. 
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Figure 34. LongAmp-seq detected large deletion profiles of R-66S HiFi RNP treated dual 

reporter cell model 

We used our dual reporter cell model to validate that LongAmp-seq is capable of quantifying 

large deletions. Because of the asymmetric pattern of large deletion observed by the ddPCR 

assay, we used a 9.4 kb long-range in-out PCR approach to specifically amplify the reporter 

cassette: The outer primer binds to 8.4kb upstream of the cut site, and the inner primer binding 

site on BFP is 1kb downstream of the cut-site. We subjected (A) untreated, (B, C) low and high 

dose R-66S RNP treated samples and (D-G) the four FACS sorted populations with different 

combinations of reporter expressions, to LongAmp-seq analysis. The color code represents the 

position of each deletion mid-point, while the deletions with mid-points at the left-hand side of 

the cut-site are in red, and the rest are in blue. The identified deletion profile of four FACS sorted 

samples from the LongAmp-seq analysis correlated well to the reporter phenotypes. 

 

Figure 35. Percentage of reads with large deletions disrupting reporter expressions in dual 

reporter cell line treated with R-66S HiFi RNP 

In (A) low dose and (B) high dose RNP bulk edited samples, LongAmp-seq underestimated the 

frequency of large deletions disrupting GFP (GFP-BFP- and GFP-BFP+) compared to the FACS 

results. This underestimation is likely due to the alleles containing large deletions extending 

beyond the outer-primer binding site, which cannot be PCR-amplified and detected by LongAmp-

seq. 
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Figure 36. Long-range PCR amplification bias toward short amplicon with large deletion in 

S-HUDEP2 treated with R-66S HiFi RNP 

We observed enrichment of shorter reads containing large deletions with increasing PCR cycle 

numbers showing long-range PCR bias. 

3.2.4. Large deletion in SCD CD34+ at on- and off-target sites and 

potential consequences of large deletion induced by R-66S 

gRNA 

We delivered R-66S gRNA complexed with HiFi Cas9 or WT Cas9 to compare the 

small INDELs and large deletion frequency at HBB and the known off-target site 

[29]. The use of HiFi Cas9 gave a similar level of on-target editing in terms of small 

INDELs rates compared with WT Cas9, but significantly reduced the small INDELs 

rates at the most active off-target site (OT18) as previously reported [29] (Figure 

37A). HiFi Cas9 and WT Cas9 treated samples showed similar normalized coverage 

plot showing depletion surrounding the cut-site (Figure 37B). We observed higher 
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rate of large deletion reads (HIFI: 30.45%± 0.63%; WT: 25.55% ± 2.09%; Untreated: 

0.07%± 0.0%) as well as higher number of unique deletions in HiFi Cas9 sample 

compared to WT (Figure 39C). Next, we checked if large deletion occurs at off-target 

sites and detected large deletion at OT18 in WT Cas9 treated sample (Percentage of 

reads containing large deletions, Treated: 4.02%±0.76; Untreated: 0.13%±0.0%) 

(Figure 39C). The large deletions to small INDELs ratio was 3-fold higher at on-

target (0.33) compared to OT18 (0.1) in R-66S WT RNP treated sample.  

Delivery of R-66S HiFi RNP resulted in a significant increase in HbF induction 

and the proportion of F-cells in SCD HSPCs [29]. To study the effect of small INDELs 

on HbF induction, we quantified the small INDELs frequency by S-R NGS in F-cells 

compared to non-F-cells based on the FACS of HbF stained cells (Figure 37D). We 

found no difference in total NHEJ and small INDELs profile in F-cells compared to 

non-F-cells (Figure 37E). To elucidate the effect of large modifications that cannot 

be detected by S-R NGS, we used HBB copy number ddPCR assay. We found up to 2-

fold enrichment of allelic drop-out in F-cells compared to non-F-cells (Figure 37F). 

Similar results were obtained using S-HUDEP2 further supporting involvement of 

large deletion in HbF induction (Figure 38).  
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Figure 37. Large deletion in SCD CD34+ at on- and off-target sites and potential 

consequences of large deletion induced by R-66S gRNA 

We delivered R-66S gRNA complexed with HiFi Cas9 or WT Cas9 to compare the small 

INDELs and large deletion frequency at HBB and the known off-target site 

(A) The HiFi Cas9 gave a similar small INDELs rates compared with WT Cas9 at HBB, but 

significantly reduced the small INDELs rates at the most active off-target site (OT18).  

(B) HiFi Cas9 and WT Cas9 treated samples showed similar normalized coverage plot showing 

depletion surrounding the cut-site 

(C) Large deletion profile at OT18 in R-66S WT RNP sample  

(D) HbF positive cells (F-cells) were quantified via flow cytometry. Delivery of R-66S HiFi RNP 

increased proportion of F-cells. FACS of fixed/stained cells was used to separate a bulk 

population of edited cells into sub-populations based on fluorescent HbF labeling. 

(E) We found no difference in small INDELs profile in F-cells compared to non-F-cells by S-R 

NGS 

(F) Frequency of large deletions in F-cells compared to non F-cells or bulk unsorted population of 

cells. We found the enrichment of large deletions in F-cells compared to non F-cells. 

(A-C) N=2 biological replicates, Mean ± SEM 
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Figure 38. Enrichment of large deletion in F-cells in R66SCD RNP treated S-HUDEP2 

S-HUDEP2 cells were nucleofected with R66SCD HiFi RNP with or without the ssODN and 

cultured in erythroid differentiation media for 5-days to produce hemoglobin.  

(A) HbF positive cells (F-cells) were quantified via flow cytometry. Delivery of R66SCD RNP 

with or without the ssODN increased proportion of F-cells in S-HUDEP2. Fluorescence activated 

cell sorting (FACS) of fixed/stained cells was used to separate a bulk population of edited cells 

into sub-populations based on fluorescent HbF labeling.  

(B) We quantified the small INDELs frequency by S-R NGS in F-cells compared to non-F-cells 

based on the FACS of HbF stained cells and found no difference in total NHEJ and small 

INDELs profile in F-cells compared to non-F-cells.  

(C) Frequency of large deletions in F-cells compared to non F-cells or bulk unsorted population 

of cells. We found the enrichment of large deletions (>57bp) in F-cells compared to non F-cells 

suggesting HbF induction by removal of HBB and surrounding sequences. 

3.2.5. Unintended consequences of CRISPR-Cas9 induced 

genome editing approaches in SCD patient CD34+ HSPCs 

Next, we adapted three additional well-characterized gRNAs used for SCD 

therapeutic strategies to study on-target mutagenesis including small INDELs and 

large deletions. R-02 gRNA targets the first exon of HBB 16 bp away from the SCD 

mutation site [29, 57, 125, 126] while R-66S gRNA binds directly to the HBB 

sequence with SCD mutation (Figure 39A) [29]. SD-02 gRNA introduces 13-nt HPFH 

deletion at high frequency in the HBG1 and HBG2 promoter for the reactivation of 
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HbF (Figure 39A) [127]. BCL11A gRNA targets the GATA1 binding site at the BCL11A 

erythroid enhancer for reduction of BCL11A expression, and induction of HbF 

(Figure 39A) [128]. R-66S, R-02, SD-02 and BCL11A gRNAs were complexed with 

HiFi Spy Cas9 and delivered as RNP to peripheral blood CD34+ cells from SCD 

patient. All gRNAs showed high rate of on-target small INDELs by S-R NGS (Figure 

39B, Figure 40). Edited SCD CD34+ cells were differentiated for 14 days prior to 

protein extraction for hemoglobin native PAGE and HbF flow cytometry. We 

observed expected hemoglobin profile as previously reported (Figure 41) [29, 57, 

125, 126] [127, 128]. We found similar small INDELs rate and hemoglobin 

phenotype in S-HUDEP2 (Figure 42).  

Next, we studied on-target large modification in SCD HSPCs treated with R-

66S, R-02, SD02 and BCL11A HiFi RNP. To access the percentage of alleles missed by 

S-R PCR, we designed EvaGreen-based ddPCR assay using forward and reverse 

primers at least 100 bp from the gRNA cut site. We measured the copy number of 

the target site relative to a reference gene. We found 7%, 27% and 41% of allelic 

drop-out in R-02, R-66S and SD-02 HiFi RNP treated samples, respectively, 

compared to untreated (Figure 43). This suggests high percentage of repair events 

such as large deletion, insertion or complex rearrangement that cannot be detected 

by S-R PCR. LongAmp-seq showed significant level of diverse large deletion in all 

gRNAs tested (Figure 39C-G). Both R-02 and R-66S target the HBB with high small 

INDELs rate but R-02 resulted in much lower rate of large deletion reads and less 

diverse unique deletion events compared to R-66S (Figure 39C). This may be due to 

the high rate of MMEJ-based 9 bp deletion using local microhomologies in R-02 
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compared to the diverse small INDELs profile in R-66S (Figure 40). Although 

mechanism of Cas9 induced large deletion is largely unknown, our data suggests 

possibility of rational gRNA design to control extent of large deletion. SD02 treated 

samples were amplified using the HBG1 specific L-R primers which cannot detect 

HBG1-HBG2 fusion allele. Most of these large deletions at the HBG1 promoters result 

in removal of the promoter and/or coding-region of the HBG (Figure 39F). We 

observed high frequency of diverse large deletions of up to 5 kb induced at BCL11A 

enhancer [9] (Figure 39G).  
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Figure 39. Short-read NGS miss a substantial proportion of CRISPR-Cas9 induced 

mutations in SCD patient CD34+ HSPCs 

(A) List of sgRNAs used in this study. R-66S and R-02 gRNAs target the first exon of HBB with 

varying proximity to the SCD mutation site. SD-02 gRNA introduces 13-nt HPFH deletion at 

high frequency in the HBG1 and HBG2 promoter for the reactivation of HbF. BCL11A gRNA 

targets the GATA1 binding site at the BCL11A erythroid enhancer for reduction of BCL11A 

expression, and induction of HbF. 

(B) High level of on-target small INDELs measured by short-read NGS. 

(C) Lowerbound and upperbound pecentages of large deletion at HBB, OT18, HBG1 and 

BCL11A loci quantified by LongAmp-seq. Lowerbound frequency is calculated as percentage of 

unique large deletion events out of the known input allele number (10,000). Upperbound 

frequency is percentage of reads with large deletion out of the total aligned reads.  

(D) Large deletion profile at HBB in R-02 HiFi RNP treated sample 

(E) Large deletion profile at HBG1 in SD02 HiFi RNP treated sample 

(F) Large deletion profile at BCL11A in BL11A HiFi RNP treated sample 
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Figure 40. Distribution of the most frequent alleles identified with CRISPResso around 

cleavage sites in SCD CD34+ 

(A) R-66S, (B) R-02, (C) SD-02 and (D) BCL11A gRNAs were complexed with HiFi Spy Cas9 

and delivered as RNP to peripheral blood CD34+ cells from SCD patient. All gRNAs showed 

high rate of on-target small INDELs by S-R NGS as previously reported. 
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Figure 41. Hemoglobin profile of SCD HSPCs treated with therapeutic gRNAs 

(A) Representative native PAGE gel showing reduction of HbS and induction of HbF in cells 

treated with gRNAs targeting the HBB (Lane 1: R-02, Lane2: R-66S HiFi, Lane3: R-66S WT). R-

66S RNP and ssODN treatment resulted in a reduction of HbS and production of HbA (Lane4: R-

66S+ssODN). SD02 and BCL11A treatment resulted in an induction of HbF (Lane5: SD-02, 

Lane6: BCL11A) compared to untreated controls (Lane7-8: Untreated). The reference is shown in 

Lane 9 (AFSC control containing a mix of HbC, HbS, HbF, and HbA). HbA2 runs with HbC on 

native PAGE gel.  

(B, C) Differentiated cells were fixed/permeabilized, and stained with FITC-conjugated HbF 

antibody, and the %HbF positive cells was determined by flow cytometry. Increased percentage 

of F-cells in (B) SD02 and (C) BCL11A treated samples compared to untreated.  

(B, C) N=2 biological replicates, Mean ± SEM. 
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Figure 42. S-HUDEP2 editing and hemoglobin phenotype 

R-66S, R-02, SD-02 and BCL11A gRNAs were complexed with HiFi Spy Cas9 and delivered as 

RNP to S-HUDEP2.  

(A) On-target small INDELs frequency measured by S-R NGS,  

(B) On-target small INDELs profile,  

(C) Hemoglobin Native PAGE showing expected hemoglobin profile after erythroid 

differentiation,  

(D) HbF induction by SD02 or BCL11A treatment in S-HUDEP2 
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Figure 43. Percentage of allelic drop-out due to the large modifications quantified by 

ddPCR copy number assay 

We measured the copy number of the target site relative to a reference gene. We found 7%, 27% 

and 41% of allelic drop-out in R-02, R-66S and SD-02 HiFi RNP treated samples, respectively, 

compared to untreated. 

3.2.6. Development and validation of NEW-seq for high-

throughput detection of large asymmetric deletions and 

chromosomal rearrangements between on- and off-target 

sites 

Due to Cas9 cutting at the off-target sites, large chromosomal rearrangements 

between the on-target and off-target cut-sites such as chromosomal deletions, 

translocation and inversion can occur in SCD HSPCs [97, 142, 143]. Although the 

large deletions/insertions at the on-target site and the large chromosomal 

rearrangements typically have low occurrence, they pose a significant safety 

concern, since even a very small number of HSCs harboring these detrimental 
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events, it could cause a disease such as cancer. We have developed the NEW-Seq 

(Nuclease-activity identified by gEnome-Wide Sequencing) assay in which genomic 

DNA isolated from gene-edited cells is sonicated to 200-1200 bp long fragments, 

which are ligated with NGS adaptors, and amplified by a series of PCR reactions 

initiated with one HBB-specific primer (red arrow) and another that annealed to the 

sequencing adapter (green arrow) to produce NGS libraries (Figure 44A). The NEW-

Seq assay has the ability to detect rare gross chromosomal rearrangements between 

on-target and off-target sites. We performed a preliminary study using R-66SCD 

gRNA and WT SpCas9 with a SCD model cell line S-HUDEP2 developed by the Bao 

lab where the sickle mutation was introduced into wild-type HUDEP2 cells by 

CRISPR mediated HDR. We first validated the NEW-Seq assays by quantifying small 

INDELs and comparing the Indel profiles of NEW-Seq (blue) and targeted deep 

sequencing (red) respectively (Figure 44B). We found that the NEW-Seq assay could 

detect potential chromosomal rearrangements such as inversions and 

translocations between the on-target cut-site and known or unknown off-target 

sites. The targeted deep sequencing method can quantify indels of up to 50 bp, but 

not large deletions or insertions >50bp, nor chromosomal rearrangements. The 

NEW-Seq assay can identify large chromosomal rearrangements, as well as 

asymmetric large deletions and insertions at the on-target site (Figure 44C, D). 

Circos plot in Figure 44D shows potential intra- and inter-chromosomal 

translocation between the on-target (ch.11) and off-target sites identified by NEW-

Seq using forward (red) or reverse (blue) HBB specific primer. NEW-Seq assay 

captured the previously validated pericentric deletion (blue) and inversion (red) 
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between the on-target site of R-66SCD gRNA and its off-target site OT18 [29] in WT 

RNP treated S-HUDEP2 cells as well as de novo translocations that need further 

validation by PCR sequencing. Most of insertion and translocation junctions had 

small or large deletions with rare instances of perfect end-joining. Our findings 

indicate that current assessments using typical NGS may have missed a substantial 

proportion of Cas9-induced mutations in the HBB locus, some of which may have 

potential pathogenic consequences in HSPCs.   

 

Figure 44. Quantification of large on-target deletion/insertion and chromosomal 

rearrangements 

(A) A schematic of the NEW-Seq assay in quantifying large deletions and insertions at the on-

target cut site (1), and the chromosomal rearrangements between the on- and off-target cutting 

sites (2).  

(B) Comparison of the R66SCD gRNA indel profiles in the S-HUDEP2 cell line, quantified by 

standard NGS (red) and NEW-Seq (blue). The indel profiles were generated using NEW-seq 

reads that are fully aligned to HBB without rearrangement or large indels.  
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(C) New-Seq assay could identify large deletions of 1-3.8 kb. With standard NGS the detectable 

deletion is much smaller than the size of amplicon (284 bp).  

(D) Circos plot showing intra- and inter-chromosomal translocation between the on-target (ch.11) 

and off-target sites. 

3.2.7. Comparison of Targeted NGS, LongAmp-seq and NEW-seq 

The targeted deep sequencing method can quantify indels of up to 50 bp, but not 

large deletions or insertions >50bp, nor chromosomal rearrangements. The 

LongAmp-Seq assay can quantify the large symmetric deletions and insertions, but 

not large chromosomal rearrangements. The NEW-Seq assay can identify large 

chromosomal rearrangements, as well as asymmetric large deletions and insertions 

at the on-target site. 

Table 1. Comparison of the methods for quantifying gene-editing outcomes 
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3.3. Discussions 

Although after Cas9 cutting the majority DSBs repair result in small INDELs, it has 

been shown recently that large deletions and insertions can occur at the on-target 

cut-site. S-R NGS cannot detect alleles containing large modifications and miss a 

substantial proportion of editing events, resulting in an incorrect understanding of 

genome editing outcomes. Recently, long-range PCR genotyping, long-read 

sequencing [134], and ddPCR copy number analysis [135] have been utilized to 

report CRISPR induced large deletions. However, there is no high-throughput 

sequencing method to accurately quantify comprehensive Cas9 induced repair 

outcomes including small and large INDELs. Several approaches to CRISPR based 

genome editing have been developed for treating SCD using HSPCs. However, Cas9 

induced large modifications have not been explored for these approaches. It is 

important to provide accurate quantification to study the potential detrimental 

consequences of unexpected mutations before clinical translation of CRISPR/Cas9 

genome editing as even a very small number of HSCs harboring these 

uncharacterized events at Cas9 induced on- or off-target sites could result in 

uncontrolled clonal expansion in vivo and cause hematopoietic malignancies.  

To investigate the extent of large modifications induced by these therapeutic 

approaches, we utilized clonal genotyping, reporter cell model, ddPCR, and 

developed LongAmp-seq assay for high-throughput profiling of unique large 

deletions. First, we quantified the large deletion induced by R-66S gRNA targeting 

SCD HBB sequences using clonal genotyping in S-HUDEP2. We found 28% of large 
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deletion alleles disrupting the HBB in nearly half of edited clones. These large 

deletions were previously missed by S-R NGS, resulting in significant genotype 

miscalls. We and others previously reported allele frequency and clonal genotype 

HSPCs treated by RNP and ssODN, which were quantified by S-R NGS or ddPCR [29, 

144]. The percentage of HSPCs with therapeutic potential was likely overestimated. 

In contrast, the possibility of inducing β-thalassemia was underestimated. 

We established a dual reporter K562 cell model to quantify R-66S induced 

large deletion events by loss of fluorescent expression and showed RNP dose-

dependent increase in large deletion. Our cell model can be used to study 

mechanisms of DSB repairs and to optimize genome editing conditions to minimize 

unintended large deletions. The LongAmp-Seq assay is based on the Illumina short-

read platform to utilize its widespread availability compared to the long-read 

platform and high sequencing coverage and accuracy for the quantification of small 

INDELs as well as large mutations. LongAmp-seq discovered most of the large 

mutations identified by Nanopore long-read sequencing and provided accurate 

quantification of small INDELs as well as standard targeted deep sequencing. Our 

results provided novel insights about large deletion rates and profiles, with efforts 

of clustering and variant calling to report significant large deletions. However, 

LongAmp-seq has limitations inherent to any PCR-based short-read sequencing 

method advocating the need for non-PCR based enrichment method for discovery 

and quantification of unintended large mutations. In the current version of 

LongAmp-seq, the maximum length of identifiable deletion and insertion is limited 

by the long-range PCR amplicon size and Illumina sequencer read length, 
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respectively. As a result, LongAmp-seq underestimated the frequency of large 

deletions disrupting GFP compared to the FACS results in the dual reporter cell 

model likely due to the drop-out of allele containing large deletion removing primer 

binding site. We also observed PCR amplification bias with increasing cycle number, 

which prevented the accurate quantification. Therefore, we adapted clustering 

strategies to study unique large deletion profiles at Cas9 induced on or off-target 

sites. We found diverse large deletion patterns and provided lowerbound and 

upperbound quantification of large deletion frequencies at the therapeutically 

relevant loci, including HBB, HBG, and BCL11A in SCD patient HSPCs. We also found 

that large deletions occur at the off-target site for R-66S gRNA using WT Cas9. The 

existence of large off-target deletions poses a significant safety concern as the 

consequences of large deletions at both on and off-targets must be considered, 

alongside the SI events at these sites. Furthermore, off-target sites previously 

considered as inactive based on below 0.1% activity may have had higher cutting 

rate if we include large modifications.   

For therapeutic approaches targeting HBB to correct the SCD mutation, 

although HSPCs that had small INDELs or large deletions at the HBB without SCD 

mutation correction may offer some potential benefit through HbF induction [29, 

124], the possibility of inducing β-thalassemia major or minor phenotype in a sub-

population of cells needs to be carefully studied. Large deletions that extended 71bp 

upstream of the R-66S cut site will result in removal of the HBB promoter region. 

There are well-characterized large deletions in HBB locus known to have a 

protective effect in β-thalassemia patients due to induction of HbF expression [101, 
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103, 145]. Delivery of R-66S RNP resulted in a large increase in proportion of F-cells 

and our results suggested involvement of large modifications in HbF induction. This 

can be explained by the fact that in the presence of large deletions removing HBB 

promoter, the HBG competes more favorably for interaction with the β-globin Locus 

Control Region (LCR), resulting in increased production of HbF [101, 145]. which 

warrants further investigation. The molecular mechanism underlying this type of 

HbF induction warrants further investigation. 

Reactivation of HbF by recapitulation of naturally occurring 13-nt HPFH 

deletion in the HBG1 promoter has been actively pursued as a treatment strategy for 

β-hemoglobinopathies [127]. Non-human primate autologous transplantation of the 

CRISPR-Cas9 edited cells resulted in up to 30% of engraftment and engrafted cells 

showed stable HbF reactivation for 1 > year [127]. Cas9 induced HBG mutation and 

OT activities remained stable over time measured by NGS analysis [127]. However, 

large deletion at HBG1 or HBG2 induced by a single gRNA has not been investigated. 

Our results indicate that most of these large deletions at the HBG promoters result 

in removal of the promoter and/or coding-region of the HBG. Disruption of HBG is 

expected to further reduce amount of functional β-chains and exacerbate symptoms 

of β-hemoglobinopathies.  

BCL11A is the chief molecular regulator of fetal to adult hemoglobin 

switching and naturally occurring genetic variation at the BCL11A enhancer is 

associated with increased HbF level and reduced clinical severity [146]. CRISPR-

Cas9 mediated small INDELs at core sequences within the BCL11A erythroid 
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enhancer showed erythroid cell-specific reduction of BCL11A transcript, and 

induction of HbF in human HSCs [128, 147]. However, Cas9-induced on-target large 

deletion at BCL11A has not been specifically investigated [128]. We observed high 

frequency of diverse large deletions of up to 5 kb induced at BCL11A enhancer [128] 

in SCD HSPCs. Complete inactivation of BCL11A by targeted disruption of the gene 

had adverse effect on HSPC function including impaired erythroid enucleation in 

bone marrow-CD34+ cells and significantly reduced engraftment potential in 

immunodeficient mice [147]. Furthermore, BCL11A function is essential in non-

erythroid contexts as well, such as in normal lymphoid development [148]. Recently 

reported therapeutic base editing at the BCL11A erythroid enhancer [149] 

demonstrated an feasible alternative to nuclease editing which can minimize the 

potential of BCL11A disruption by DSBs induced large deletion in a subpopulation of 

HSCs. Our findings highlight the importance of accurate quantification of 

CRISPR/Cas9 induced mutations and understanding the potential consequences of 

unexpected mutations before clinical translation of CRISPR/Cas9 genome editing. 

3.4. Future Directions 

3.4.1. LongAmp-Seq 

Increase the maximum length of identifiable insertion 

The LongAmp-Seq assay based on Illumina short-read platform offers high 

sequencing coverage and high accuracy for the quantification of small indels and 
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rare structural variants (SV’s) with a high degree of confidence. However, in the 

current form of the LongAmp-Seq assay, the maximum length of identifiable 

insertion (320 bp) is limited by the Illumina sequencer read length (2 x 250bp). On 

the other hand, the Single Molecule Real-Time (SMRT) (20) and Nanopore [150] 

platforms offer long-read sequencing, but are limited by low read number and high 

error rate. Currently, no long read platform can match short-read NGS for its 

widespread availability, usability and cost-competitiveness. To leverage long-read 

sequencing to detect large SV’s, we will first compare the HBB gene editing 

outcomes identified by LongAmp-Seq with that of SMRT or Nanopore sequencing. 

Long-read sequencing technology can allow for the detection of large insertions 

(>320bp), but at a loss to read accuracy for small mutation events. We will check the 

occurrence of large deletions of >5kb and large insertions of >320bp currently 

undetectable by LongAmp-Seq due to the limited read length of Illumina sequencer. 

It is possible that the large SV’s are too rare to be detected reliably by long-read 

sequencing with limited sequencing coverage. In this case, we will use probe based 

capture for the depletion of unmodified and small indels or size selection based 

enrichment of large deletions and insertions to capture rare events by long-read 

sequencing. We will develop a hybrid of sequencing and bioinformatics based 

strategy to take advantage of the long-read lengths of Nanopore or SMRT 

sequencing and high accuracy/sequencing depth of the Illumina short-read 

platform. Long-read sequencing can greatly assist with resolving complex 

rearrangements and large insertions, particularly when combined with data from 

short-read Illumina platform. DNA sequences of large insertion resolved by 
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Nanopore will be used as a reference for LongAmp-Seq short-read alignment for 

quantification. The ability to combine the results of long-read and short-read 

sequencing will allow the correction of sequencing errors generated by the long-

read sequencing approach while also quantifying the large structural variants.  

Increase accuracy by reducing PCR error 

Long range PCR amplification of the repaired locus after gene editing can be 

subjected to variable PCR amplification efficiencies potentially enriching large 

deletion events with a PCR bias. For accurate quantification, we will implement 

biological and computational methods to distinguish PCR duplicates from natural 

duplicates which represent true signals from sequencing of independent repair 

events. We will mitigate this potential PCR artifact by increasing the genomic DNA 

template concentrations, reduction of cycle numbers and optimization of primer 

design, amplicon size and PCR conditions To further increase accuracy, we will use 

duplication removal based on alignment and structural variation. Duplicate reads 

can be from both PCR duplication artifacts and incorrect cluster detection of optical 

sensors in sequencing. These pairs of reads will be identified and removed based on 

their alignment profile. 

Alternatively, we will use Unique Molecular Identification (UMI) to achieve 

accurate molecular representation for variant calling (50#). With the inclusion of an 

UMI tag with an adequate length, we will be able to uniquely tag all reads derived 

from a single genome to identify and remove the PCR artifacts from the analysis. 

With the combination of LongAmp-Seq and an UMI tagging based long-read 
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sequencing strategy, we will be able to have a comprehensive analysis of editing 

outcomes at the CRISPR/Cas9 HBB cut site. 

Improve limit of detection 

In our preliminary study using LongAmp-Seq, the aligned read number (7e4 reads) 

was below the potential number of repair events (4e5 genomes from 2e5 cells). We 

did not have enough read numbers to sequence unique SVs with multiple coverage 

which is required for reliable SV calling. Thus, reads consolidation based on 

duplication removal could not be applied. Previously, we genotyped erythroid 

colonies derived from gene-edited SCD HSPCs and identified individual clones with 

a diverse array of mutations. We will evaluate the limit of detection of the assays by 

spiking in known concentration of DNA with diverse SVs in unmodified DNA 

background. To address this issue, we will start with the limited number of unique 

genome in LongAmp PCR reaction and calculate read number required for desired 

coverage. We will also develop bioinformatics algorithms for more sensitive SV 

caller with increased accuracy to reliably and systematically identify complex DNA 

repair outcomes. 

Quantify potential consequences of large deletions using EGFP-expressing S-

HUDEP2 

We will identify and quantify potentially detrimental deletion mutations that induce 

β-thalassemia and protective large deletions that induce HBG, which could be 

beneficial. Since genomic DNA isolated from fixed and HbF stained cells are 

fragmented and crosslinked, thus not suitable for long-range PCR, we will establish 
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S-HUDEP2 with EGFP expressed under the HBG promoter. After R66SCD RNP 

treatment, large deletion profiles will be studied in sorted EGFP+ cell populations. 

We will be able to identify 5’ and 3’ breakpoint of deletion at HBB that induce HBG 

expression.  

Quantify large deletions/insertions at HBB on-target cut site in SCD HSPCs. 

Our preliminary study has shown that large modifications occur at HBB on-target 

site at high frequency in S-HUDEP2 and SCD HSPCs with WT or HiFi RNP. Findings 

in S-HUDEP2 translate to SCD HSPCs both in terms of editing profile and 

hemoglobin phenotype. CD34+ HSPCs from unmobilized peripheral blood from 

patents with SCD will be edited by delivering RNP of WT or HiFi SpCas9 with R-66 

SCD gRNA targeting HBB with and without the ssODN template using nucleofection. 

The large deletions and insertions at the Cas9 on-target cut-site will be detected and 

quantified using the optimized LongAmp-Seq assay and bioinformatics pipeline with 

sequencing error correction, read consolidation and sensitive SVs caller features. 

The results will be further validated using the cell models, ddPCR and clonal 

genotyping.    

3.4.2. NEW-Seq 

While the combination of the LongAmp-Seq and Nanopore sequencing strategies 

discussed above can provide a comprehensive analysis of on-target site repair 

outcomes, these methods will miss SV’s that lack the primer anchoring regions such 

as those created by translocation and inversion events. New-Seq provides a means 
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to create sequencing libraries in which only one primer anchor site needs be 

maintained, thus allowing for the identification of unknown chromosomal 

rearrangements.  The NEW-Seq assay (Figure 44) could detect potential 

chromosomal rearrangements such as inversions and translocations between the 

on-target cut-site and known or unknown off-target site. NEW-Seq assay captured 

the pericentric deletion between the on-target site and off-target site OT18 [29] in 

gene-edited S-HUDEP2 cells. In addition, NEW-Seq has the ability to identify a 

translocation to off-target sites that cannot be predicted by the in silico (COSMID) 

and experimental off-target prediction tools (GUIDE-seq) or quantified by targeted 

deep sequencing. However, in the current form the NEW-Seq assay cannot detect 

rearrangements accompanied with large deletions extending to the HBB specific 

primer binding region and distinguish large insertions (in which HBB sequences 

flanking the insertion cannot be read due to the short read length) from 

chromosomal translocations. The NEW-Seq primer designs will be further 

optimized and validated in HBB gene-edited S-HUDEP2 cells to facilitate the 

identification of chromosome rearrangements with large deletions at the junction. 

To further improve NEW-Seq, we will implement an expanded UMI-tagging system, 

which allows for accurate quantification of a wide spectrum of possible DNA repair 

events while also removing PCR bias and sequencing error.   

We will further optimize New-Seq using a combination of better primer 

design strategies and negative selection against non-rearrangement repair 

outcomes. These strategies will allow for the identification of rare chromosomal 

rearrangements for further validation and analysis. We will validate the NEW-Seq 
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identified rearrangements by the probe based ddPCR assay using a probe and 

primer pairs spanning the expected junction point on rearranged chromosomes 

[29]. These probe based ddPCR methods have the capacity to detect rare events by 

using multiple reaction wells. This circumvents the single well 20,000 droplet count 

by increasing the number of reaction wells for each sample reaction. By including 

probe ddPCR reactions for the Wildtype, small indel, and unmodified reference 

locus, we can assimilate the rare repair outcomes into the larger repair event total. 

By utilizing long-read sequencing, the NEW-Seq library can be amplified using a HBB 

primer distal to the on-target cut-site, allowing for identification of large insertion 

and better discrimination of translocation and large insertion. The false-positive and 

false-negative rates of the NEW-Seq results will be systematically determined using 

end-point PCR and ddPCR. The on-target cutting activity, targeted donor integration 

and off-target effect as measured by small indels will also be quantified using our 

well-established protocols [97].  

Discover and validate rare gross chromosomal rearrangements between on- 

and off-target cut sites in SCD HSPCs 

Previously we detected and quantified gross chromosomal rearrangements in S-

HUDEP2 treated with WT RNP using NEW-Seq and ddPCR assays. CD34+ HSPCs 

from unmobilized peripheral blood from patents with SCD will be edited by 

delivering RNP of WT or HiFi SpCas9 with R-66 SCD gRNA targeting HBB (14) with 

and without the ssODN template using nucleofection. The gross chromosomal 

rearrangements between the Cas9 on-target and off-target sites will be detected 
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using the optimized NEW-Seq assay and further validated and quantified using the 

ddPCR. NEW-Seq with a rare mutation enrichment platform can identify rare 

mutations below the detection limit of conventional sequencing. Our new assays will 

allow the detection of potentially detrimental mutations in a smaller percentage of 

HSPCs as well as tracking the fate of mutant clones after in vitro differentiation or 

post-engraftment. 

Determine the large deletions/insertions and chromosomal rearrangements 

in cells from gene-edited SCD HSPCs after engraftment in NSG mice using the 

NEW-Seq and LongAmp-Seq assays.  

We will apply the NEW-Seq and LongAmp-Seq assays to detect large 

deletions/insertions and chromosomal rearrangements in cells harvested from NSG 

mice transplanted with gene edited SCD HSPCs 16 weeks after injection. We plan to 

perform 2 transplantation experiments per year, with 24 adult NSG mice (6-8 weeks 

old) per experiment. It is expected that the rare events of large deletions and 

chromosomal rearrangements will be accurately quantified. 

3.5. Materials and Methods 

Human SCD CD34+ cell processing and cell culture were performed as described 

previously [29]. Quantification of on-target and off-target activity by deep 

sequencing was performed as previously described [29]. 

HUDEP2 culture  
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HUDEP2 cells were maintained with StemSpan SFEM medium (Stem Cell 

Technologies) supplemented with hSCF (50 ng/ml, Sigma, GF021), erythropoietin (3 

IU/ml, Sigma, H5166), dexamethasone (10-6 M, Sigma) and doxycycline (1 μg/ml, 

Sigma). To induce differentiation, medium was replaced with IMDM (Life 

Technologies) supplemented with 1% L-glutamine (Life Technologies), 2% 

penicillin-streptomycin (Life Technologies), holo-human transferrin (330 μg/ml, 

Sigma), heparin (2 IU/ml, Stem Cell Technologies, 07980), recombinant human 

insulin (10 μg/ml, Sigma, 11061-69-0), erythropoietin (3 IU/ml, Sigma) and 5% 

human plasma (Innovative Research, IPLA-N). In differentiation culture, cells were 

cultured for 5 days in the presence of dox and cultured for 2 more days without dox 

[136].  

RNP and ssODN delivery in S-HUDEP2 or SCD CD34+ cells  

R-66S, R-02, SD-02 and BCL11A gRNAs sequences were adapted from the literature 

and chemically synthesized gRNAs were ordered from Synthego. Hifi and WT Spy 

Cas9 protein was purchased from IDT (IDT, Alt-R®  S.p. HiFi Cas9 Nuclease V3 [131], 

1081061, Alt-R™ S.p. Cas9 Nuclease 3NLS, 1074182). A total of 2 × 105 S-HUDEP-2 

or CD34+ cells (program CA-137, solution P3) were electroporated on a Lonza 

Nucleofector 4-D according to manufacturer’s instructions. 30.5 pmol of HiFidelity 

Cas9 protein and 73 pmol of chemically synthesized gRNAs with or without 5uM of 

ssODN were transfected. Cells were allowed to recover in expansion media for 72 

hours until the editing is completed. 

S-HUDEP2 generation  
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Using nucleofection, we delivered HiFi Spy Cas9 protein and complexed with R-66 

gRNA [29] as a RNP complex in conjunction with a ssODN template to introduce the 

sickle mutation in HBB of HUDEP-2 cells. Edited HUDEP2 cells were single‐cell 

sorted into multiple 96‐well plates and cultured in expansion media. The clonal 

genotype was screened using probe‐based ddPCR assay. Thousands of cells from 

each clone were resuspended in 10 μl of QuickExtract DNA extraction solution 

(Epicentre), genomic DNA was harvested following the manufacturer’s 

recommendations and 1 μl of lysate was used for ddPCR assay. The probe‐based 

ddPCR assay consists of a primer pair and three probes, a HEX reference (REF) 

probe binding distant from the target site but still within the amplicon and a FAM 

SCD probe binding to modified sickle alleles (GtG). Droplets containing signals from 

both REF and SCD probes represent sickle alleles and droplets containing only REF 

probe signal represent WT or NHEJ allele. Homozygous SCD clones with the same 

number of HEX and FAM events were expanded and subjected to further analysis. 

Hemoglobin analysis 

Edited SCD HSPCs or S-HUDEP2 cells were differentiated for a week and processed 

for hemoglobin native PAGE and flow cytometry to study the phenotypic effect of 

the genome editing strategies. A total of 2 × 105 cells were fixed, permeabilized (FIX 

& PERM Cell Permeabilization kit, Thermo Fisher, GAS003) and stained with FITC 

Mouse Anti-Human Fetal hemoglobin antibody (BD Biosciences, 552829) or isotype 

control (BD Biosciences, anti-IgG1 κ Mouse, FITC, Clone: MOPC-21, Isotype Control, 

555748). Stained cells were then washed and re- suspended in stain buffer (BD 



 
148 

Biosciences, Stain Buffer (BSA), 554657). Cells were analyzed on a BD FACS Melody 

where F-cells were defined as FITC positive cells. 

Clonal Genotyping of R-66S gRNA/HiFi and ssODNs treated S-HUDEP2 

72 hours post-electroporation, edited S-HUDEP2 cells were single cell sorted into 96 

well plates and expanded for a week. Cells from each well were resuspended in 100 

ul of QuickExtract DNA extraction solution (Epicentre) and PCR amplified using the 

short-range HBB NGS primers. PCR products were size verified on agarose gel, 

library prepared and sequenced on Illumina MiSeq. CRISPR-Cas9 genome editing 

outcomes from deep sequencing data were analyzed using a CRISPResso [151] and a 

custom MATLAB script. To identify clones carrying a large deletion, gDNA from each 

clone was PCR amplified using Long-range PCR primers according to the protocol at 

53°C and 6 min extension time (LongAmp®  Hot Start Taq DNA Polymerase, NEB, 

M0534S). Long-range PCR products were run on agarose gel to check for the gel 

shift indicating large deletion. 

Droplet digital PCR (ddPCR) to quantify copy number surrounding the cut-site  

We developed an EvaGreen-based ddPCR assay that can quantify the copy number 

near the cut-site relative to the non-targeted reference. A primer pair flanking the 

cut-site or targeting at varying distance away from the cut-site and a primer pair 

targeting the non-targeted reference gene was used (Table 2). The reaction mixes 

were prepared with 15 ng genomic DNA template, 1× ddPCR Supermix (Bio-Rad), 

200 nM target primers, and 10 U HindIII-HF restriction enzyme in each 20 ul 

reaction mix. PCR was performed according to the manufacturer’s cycling protocol.  
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Library preparation of LongAmp-Seq  

A total of 2 × 105 cells were electroporated, and 5,000 cells were cultured in each 

well in biological replicates. Cells were expanded in differentiation media for a week 

to reach 1 × 106 cells, and genomic DNA was harvested following the manufacturer’s 

instructions (Qiagen, DNeasy Blood & Tissue Kit, 69506) and concentration was 

measured (Thermo Fisher, Qubit dsDNA HS Assay Kit, Q32854). Long-range PCR 

was performed using 500 ng of gDNA as input in 50 ul reaction using 25 cycles. PCR 

products were purified using SPRI beads at a 0.7X ratio. 100 ng of PCR products 

were used for Nextera library preparation, which consists of bead-linked 

tagmentation, Illumina sequencing primers addition, 5-cycle PCR to add indexes and 

adapters followed by washing and library pooling according to the manufacturer’s 

instruction (Nextera DNA Flex Library Prep Kit (Illumina, 20018704), Nextera™ 

DNA CD Indexes (Illumina, 20018707)).  

Pipeline design of LongAmp-Seq (performed by Yidan Pan, Rice University) 

The raw sequencing data from Illumina MiSeq were demultiplexed by bcl2fastq 

from Illumina and merged using FLASH [152]. Merged reads were aligned to 

reference genome hg19 using BWA-MEM [153], and the read coverage patterns 

were extracted by igvtools [154]. The reads that were not spanning the cut site were 

filtered out with SAMtools [155]. The split reads were identified using BEDtools and 

further processed to break-point based variant calling, while the small INDEL 

patterns were generated by CRISPResso [151] using the unsplit reads. 
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Nanopore MinION long-read sequencing (performed by Timothy Davis, Rice 

University) 

Long-range amplification products generated from the of LongAmp-Seq library pre 

tagmentation were subjected to the Oxford Nanopore Technology (ONT) Ligation 

Sequencing Kit (SQK-LSK109) and Native Barcoding Expansion 1-12 (PCR-free) kit 

(EXP-NBD104) standard protocols. 1ug of each sample was brought to a final 

volume of 49ul with Nuclease-free water.  DNA ends were repaired using the 

NEBNext FFPE DNA Repair and the Ultra II End-prep kits according to ONT protocol.  

Samples incubated at 20C for 5 minutes and 65C for 5 minutes, cleaned with 60ul 

AMPure bead, and eluted in 25ul Nuclease-free water. A maximum of 500ng of each 

cleaned sample was used for Native barcode ligation according to the barcoding kit 

specifications.  Adapter Mix II ligation was performed according to standard ONT 

protocol using the NEBNext Quick Ligation Reaction Buffer (5x) and Quick T4 DNA 

Ligase followed by AMPure bead cleanup using the Long Fragment Buffer for 

washing. Final elution in 15ul Nuclease-free water. Samples were quantified by High 

Sensitivity Qubit Assay, normalized by Molar concentration, and pooled. SpotON 

flow cell priming and loading were performed based on the standard protocol.  

Nanopore data processing (performed by Yilei Fu, Rice University) 

Fast5 sequence files were processed into Fastqs using Guppy Basecaller. We first 

used NGMLR [156] to map all long reads reference human genome hg19., and the 

reads that mapped to the HBB region were analyzed for deletions and insertions 

calling. The reads that could not be mapped by NGMLR were further aligned by 
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BWA-MEM [153] and filtered by SAMtools [155] to include the chimeric reads 

carrying potential large deletions. The insertion profile was from NGMLR calling, 

and the large deletion profile included both NGMLR called reads, and BWA-MEM 

identified reads.  

Approaches for structural variant calling and consolidation (performed by 

Yidan Pan and Yilei Fu, Rice University) 

Large deletions identified in both LongAmp-Seq and Nanopore approaches were 

consolidated by deletion positions and sizes. DBSCAN [141] was then applied for 

clustering to compensate for the potential misalignments from PCR and sequencing 

error. The start position and length of each deletion were selected as a two-

dimensional representation. The maximum distance between two data points for 

one to be considered as in the neighborhood of the other was further traversed from 

0:5 to 20:5, gaining 0:1 each time. The distance with a steep drop of the identified 

cluster number was considered optimal. However, the trend of cluster numbers was 

sample dependent. The integrated structural variant prediction tool Delly [140]was 

therefore utilized to address the lower bound of total unique large deletion events in 

a series of samples. 
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Chapter 4 

AIM3: Generation of HUDEP2 Cell Models 

with Sickle or β-Thalassemia Mutations: 

An in-vitro Experimental System for 

Screening and Validation of Therapeutic 

Strategies  

4.1. Introduction 

4.1.1. Potential gene therapy strategies for SCD and β-

thalassemia 

To date, allogeneic hematopoietic stem cell transplantation is the only available cure 

for SCD and β-Thalassemia, but there are substantial treatment-related risks and 

complications [3, 18]. The average lifespan of patients has not improved over the 

last few decades since treatment options remain very limited [20]. Ex vivo 

engineering of autologous HSPCs followed by transplantation of genetically 

modified cells potentially provides a permanent cure applicable to all patients 

regardless of the availability of suitable donors and graft-vs-host disease [3, 18]. 
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There are several possible therapeutic genome editing strategies to ameliorate β-

Thalassemia: (1) gene correction of the causative mutations in HBB, (2) gene 

addition of functional-globin cassette, (3) induction of fetal hemoglobin expression. 

In case of β-thalassemia caused by a point mutation, the therapeutic gene correction 

can be achieved through the delivery of Cas9 reagents targeting the disease 

mutation and homologous donor template with the corrective sequences, resulting 

in the HDR mediated correction of the causative mutation. However, allelic 

heterogeneity in β-thalassemia creates a new challenge as the gene correction 

strategy needs to be specifically designed for patients with a certain type of 

mutation. β-Thalassemia are caused by mutations affecting all aspects of beta-globin 

gene (HBB) expression including transcriptional mutations, mutations affecting RNA 

processing and stability, and mutations affecting translation and beta-globin 

stability. More than 200 disease-causing mutations have been identified occurring 

on HBB promoter, exons, introns and untranslated regions (UTR) [3]. Most of 

mutations are point mutations causing frameshift, but gross gene deletions were 

reported as well. In β-thalassemia disorders, the unbalanced globin synthesis and 

excess of unpaired α-globin chains that precipitate within erythroid precursors lead 

to membrane toxicity and hemolysis. RBC destruction and inefficient erythropoiesis 

result in severe anemia and iron overload [3]. The clinical phenotype ranges 

between the severe, transfusion-dependent β-thalassemia major, non-transfusion 

dependent β-Thalassemia intermedia, and β-Thalassemia minor with asymptomatic 

carrier state [3, 18, 19]. Thus, it is necessary to devise a broadly applicable genome 

editing strategy.  
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A self-inactivating lentiviral vector encoding the human anti-sickling β-globin 

gene, LentiGlobin, is currently evaluated in clinical trials with transfusion dependent 

β-thalassemia and SCD patients for the efficiency and safety. Hereditary persistence 

of fetal hemoglobin (HPFH) is a benign condition caused by mutations within the 

beta globin gene cluster which results in elevated HbF levels in adulthood [34]. β-

thalassemia patients with HPFH have milder clinical consequences [34]. HbF 

induction can be achieved by silencing HBG repressors [146] or mimicking 

beneficial HPFH mutations selectively in erythrocyte precursor cells [120]. For 

example, CRISPR mediated recapitulation of naturally occurring 13-nt Hereditary 

persistence of fetal hemoglobin (HPFH) deletion in the gamma-globin gene (HBG) 

promoter [127] and disruption of the GATA1 binding site at the B-cell 

lymphoma/leukemia 11A (BCL11A) erythroid enhancer resulted in therapeutic HbF 

induction in human HSPCs [128]. 

4.1.2. Lack of pharmacological treatment options for SCD and β-

thalassemia 

Currently there is a lack of therapeutic options for patients with SCD and β-

thalassemia. Until recently, patients with SCD only had one drug treatment option: 

hydroxyurea, which was approved by FDA in 1998. Hydroxyurea was developed as 

an anticancer drug and it raises the level of HbF, which can help reduce SCD 

complications [59]. In 2017, the FDA approved Endari (L-glutamine oral powder) to 

reduce sickle cell crises. Because SCD patients produce higher levels of reactive 

oxygen species (ROS), they are susceptible to oxidative stress. Endari increases the 
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amount of free glutamine circulating in the blood, which is taken up by the sickle 

cells and used to generate anti-oxidant molecules [157]. Pharmacological therapy 

with hydroxyurea is ineffective in over half of SCD patients [158], and chronic 

transfusion therapy is difficult to sustain [12, 13]. Current treatments for the β-

thalassemia are primarily supportive, including regular RBC transfusions, iron 

chelation and management of secondary complications of iron overload. Elucidation 

of the multiple pathophysiologic mechanisms in SCD and β-thalassemia has resulted 

in increased efforts to identify new treatment modalities to ameliorate the disease. 

For example. previous studies have demonstrated the role of adenosine signaling in 

SCD suggesting that modulation of this pathway holds promise as novel mechanism-

based sickle cell therapeutics. Adenosine signaling via Adenosine A2b Receptor 

(ADORA2B) receptor induces Sphingosine Kinase 1 (SPHK1) activity which 

exacerbates sickling and SCD progression by inducing erythrocyte glycolysis and 

oxygen release (Figure 45B) [38, 39]. Inhibition of the adenosine signaling pathway 

by ADORA2B antagonist or SPHK1 inhibitor (Table 1) reduced sickling, hemolysis 

and inflammation in Berkley SCD transgenic mice expressing exclusively human 

sickle hemoglobin [38, 39]. Screening of new candidate compounds as well as 

investigation of drugs previously used in other disease settings have targeted 

hemoglobin polymerization and RBC sickling, induction of HbF, inflammatory 

pathways, and coagulation (Figure 45A, Table 7) [159]. In addition, reducing α-

globin expression by 25% to 50% in patients with β-thalassemia can be clinically 

beneficial to patients with β-thalassemia. Various strategies for downregulation of 
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α-globin expression have been explored including RNA interference, genome editing 

and pharmacologic methods. 

4.1.3. Challenges in new gene therapy and drugs development: 

Lack of in vitro model systems  

There are challenges in drug discovery and development for SCD and β-thalassemia. 

This is, for an important part, due to the lack of reliable, reproducible, and 

physiologically relevant in vitro models which novel therapeutic strategies may be 

screened and validated. So far, there is no consistent in vitro system to test gene 

therapies and study pharmacological molecules for SCD and β-Thalassemia; whole 

patient blood or purified CD34+ HSPCs are most often used but subject to clinical 

variability and limited supply. Especially, it is difficult to access HSPCs from β-

Thalassemia patients with various genotypes because it is relatively rare in the 

United States even though Beta thalassemia is one of the most common autosomal 

recessive disorders in the world. Finding a good cell model to study red blood cells 

can be challenging, as they are a terminal enucleated product. HUDEP2 are an 

immortalized CD34+ hematopoietic stem cell derived erythroid precursor cell line 

that can differentiate into RBCs (Figure 46A,B) [136]. Upon differentiation, HUDEP2 

expresses erythroid-specific cell surface markers and predominantly produce HbA 

with oxygen binding and dissociation abilities equivalent to RBCs produced in vivo 

(Figure 46C-E) [136]. Here, we engineered S-HUDEP2 and β-Thalassemia HUDEP2 

(β-thal HUDEP2) clonal lines by CRISPR/Cas9-mediated editing of the human HBB. 

We sought to establish if these β-Thalassemia HUDEP2 exhibit disease phenotypes, 
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and if upon in vitro erythroid differentiation they response to genome editing and 

pharmacological therapeutic approaches.  

 

Figure 45. The SCD RBC as source of multiple pathophysiologic pathways 

(a) Multiple pathophysiologic mechanisms in SCD including hemoglobin polymerization and 

RBC sickling, inflammatory pathways, and activation of coagulation [159]. Adapted from 

―Beyond hydroxyurea: new and old drugs in the pipeline for sickle cell disease,‖ by M. J. Telen, 

2016, Blood, 127(7), 810-9.  

(b) Elevated adenosine signaling via A2B receptor induces SPHK1 activity via PKA-mediated 

ERK ½  activation in SCD RBCs. As a result, elevated S1P promotes sickling and SCD 

progression by inducing erythrocyte glycolysis and oxygen release [39]. Adapted from 

―Elevated adenosine signaling via adenosine A2B receptor induces normal and sickle 

erythrocyte sphingosine kinase 1 activity ,‖ by K. Sun et al., 2015, Blood, 125(10), 1643-52. 
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Figure 46. Establishment of HUDEP cell lines 

(a, b) HUDEP is immortalized human progenitor erythroid cell line capable of producing 

terminally differentiated, enucleated RBCs.  

(c) HUDEP2 expresses erythroid-specific cell surface markers.  

(d) Erythroid differentiated HUDEP2 cells express predominantly β-globin.  

(e) HUDEP-2 cells can produce hemoglobin with oxygen binding and dissociation abilities 

equivalent to RBCs produced in vivo [136]. Adapted from Establishment of immortalized human 

erythroid progenitor cell lines able to produce enucleated red blood cells,‖ by R. Kurita, 2013, 

PloS one, 8(3). 

4.2. Results 

4.2.1. Generation and characterization of S-HUDEP2 and β-

thalassemia HUDEP2 models 

Here, we generated and characterized HUDEP2 lines with SCD, β-Thalassemia major 

(c.52A>T) and intermedia (IVS1-110(G>A)) and (IVS2-848(C<A)) mutations by 

CRISPR/Cas9-mediated editing of the human HBB. Using nucleofection, we delivered 

HiFi Spy Cas9 protein and guide RNA as a ribonucleoprotein (RNP) complex in 
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conjunction with a single-stranded DNA donor template (ssODN) to introduce the 

sickle or β-thalassemia mutations in the HBB of HUDEP2 cell. HiFi Spy Cas9 was 

used to prevent recutting of the gene modified allele and to minimize off-target 

activity.  

Sickle HUDEP2 (S-HUDEP2) generation 

For sickle HUDEP2 (S-HUDEP2) generation, HiFi Spy Cas9 and R-66 gRNA were 

delivered in conjunction with a ssODN to introduce the sickle mutation (Figure 

47A). Mutating a PAM-proximal nucleotide prevented HiFi Cas9 from re-cutting. 

With 35% HDR rate in the starting culture, 12% of clones were expected to have a 

biallelic SCD mutation according to the Hardy–Weinberg principle (Figure 47B). 

Edited HUDEP2 cells were single cell sorted into multiple 96-well plates and 

expanded. The clonal genotype was screened using probe-based ddPCR assay 

(Figure 47C). The probe-based ddPCR assay consists of a primer pair and two 

probes, a HEX reference (REF) probe binding distant from the target site but still 

within the amplicon, a FAM Sickle probe binding to modified sickle alleles (GTG). 

Droplets containing signals from both REF and Sickle probes represent sickle alleles 

and droplets containing only REF probe signal represent WT (GAG) or NHEJ alleles 

(Figure 47C). Biallelic sickle (HbSS) clones with the same number of HEX and FAM 

events were expanded and confirmed through Sanger sequencing (Figure 47D). We 

generated multiple clones with biallelic sickle (S-HUDEP2), sickle β- thalassemia 

(βS/β0-HUDEP2) and β-thalassemia major mutations (β0-HUDEP2) with frameshift 

mutations. Native polyacrylamide gel electrophoresis (Native-PAGE) (Figure 47E) 
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and high-performance liquid chromatography (HPLC) (Figure 47F) were used to 

confirm the hemoglobin phenotype. Sickle HUDEP2 clones almost exclusively 

expressed sickle hemoglobin with very low level of HbF and hemoglobin A2 (HbA2) 

(Figure 47E,F) 

 

Figure 47. Generation of S-HUDEP2 

HiFidelity Spy Cas9 and HBB-targeting gRNA were delivered along with ssODN to introduce the 

sickle mutation into WT HUDEP2. 

(A) Schematic of gRNA and ssODN design near the SCD locus (with the green or red box 

showing the location of sickle mutation). The R-66 gRNA sequence is shown in blue (with the 

WT base T in black), and the PAM sequence is shown in orange and underlined. The SCD 

ssODN (shown in orange with the SCD mutation in red) is symmetric with respect to the R-66 cut 

site and complementary to the gRNA non-target strand.   

(B) Visualization of the frequent allele changes (>1%) around the Cas9 cut site in HiFi Spy 

Cas9/R-66 gRNA and SCD ssODN treated WT HUDEP2. Substitutions are shown in bold font. 

Inserted sequences are highlighted with red rectangles and deletions are indicated as horizontal 
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dashed lines. The predicted cleavage position of R-66 gRNA is indicated by a vertical dashed 

line. Deep sequencing data was analyzed by CRISPResso [151]. 

(C) Design of probe-based ddPCR assay and representative ddPCR event counts for different 

clonal genotypes. The probe-based ddPCR assay consists of a primer pair and three probes, a 

HEX reference (REF) probe binding distant from the target site but still within the amplicon and a 

FAM SCD probe binding to modified sickle alleles (GtG). Droplets containing signals from both 

REF and SCD probes represent sickle alleles and droplets containing only REF probe signal 

represent WT or NHEJ allele. Homozygous SCD clones have the same number of HEX and FAM 

events.  

(D) Sanger sequencing chromatogram of the S-HUDEP2 clone. The SCD mutation is indicated 

with red arrow. 

(E) Representative hemoglobin native PAGE gel and HPLC showing HbA production in WT 

HUDEP2 and HbS production in S-HUDEP2 clones. S-HUDEP2 clones with exclusive HbS 

production and absence of HbF (C1-4) were used for anti-sickling assays. AFSC control 

containing mix of HbC, HbS, HbF and HbA. 

(F) Representative HPLC plot of WT HUDEP2 and S-HUDEP2. 

β-thalassemia major HUDEP2 (β0-HUDEP2) generation 

For β-thalassemia major HUDEP2 (β0-HUDEP2) generation, HiFi Spy Cas9 and R-02 

gRNA were delivered in conjunction with a ssODN to introduce the 17(A<T) β-

thalassemia mutation on the HBB (Figure 48A). This is a codon 17 nonsense (AAG--

>TAG) mutation which is a clinically important mutation of the beta-globin gene 

common in Southeast Asia [160]. Homozygous patients display severe thalassemia 

major phenotype [160, 161]. This was the first single base pair substitution in a 

human gene underlying a genetic disorder to ever be reported. Since the 17(A<T) 

mutation is located on the PAM-distal region of the R-02 gRNA, 4 additional silent 

MMs were introduced to the ssODN along the R-02 gRNA targeting site to prevent 

recutting of the repaired DNA (Figure 48A). In the starting culture, 7.89% of alleles 

had all 5 MMs (17(A<T) mutation and 4 silent MMs) (Figure 49A). Only 0.62% of 

clones were expected to have homozygous β-thalassemia major mutations. We 
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established two individual β0-HUDEP2 clones (C29, C13) carrying homozygous 

17(A<T) mutation (Figure 48A). Upon erythroid differentiation, RT-PCR confirmed 

reduced β-globin expression in βS/β0 and β0/β0 clones compared to WT and S-

HUDEP2 (βS/βS) clones (Figure 50A). β0-HUDEP2 (β0/β0) clone showed absence of 

β-globin chains and synthesis of γ-globin chains in western blot (Figure 50B) as well 

as the absence of adult hemoglobin (HbA) and excess α-globin aggregates in HPLC 

(Figure 50C) and higher proportion of F-cells compared to the parental WT HUDEP2 

by flow cytometry (Figure 50D). Hemoglobin native PAGE gel showed the increase 

in alpha-aggregates over the course of differentiation in β0-HUDEP2 (Figure 50E). 

 

Figure 48. Generation of β-thalassemia HUDEP2 
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HiFidelity Spy Cas9 and HBB-targeting gRNAs were delivered along with ssODNs to introduce 

the mutation into WT HUDEP2. Schematics of gRNA and ssODN design for introducing β-

thalassemia mutations and genotype confirmation by Sanger sequencing.  

(A) β0 thalassemia c.52A>T clone was generated using R-02 gRNA and c.52A<T ssODN.  

(B) β+ thalassemia IVS1-110(G>A) was generated using IVS-1 gRNA and IVS1-110(G>A) 

ssODN.  

(C) β+ thalassemia IVS2-848(C>A) was  generated using IVS-2 gRNA and IVS2-848(C>A) 

ssODN. The gRNA sequence is shown in blue (with the WT base in black), and the PAM 

sequence is shown in orange and underlined. All ssODN design is symmetric with respect to the 

gRNA cut site and complementary to the gRNA non-target strand.   

 
Figure 49. Visualization of the frequent allele changes around the Cas9 cut site  

Visualization of the frequent allele changes (>1%) around the Cas9 cut site in HiFi Spy 

Cas9/gRNA and ssODN treated WT HUDEP2. Substitutions are shown in bold font. Inserted 

sequences are highlighted with red rectangles and deletions are indicated as horizontal dashed 

lines. The predicted cleavage position of gRNA is indicated by a vertical dashed line.  

(A) Deep sequencing data of R-02 gRNA/HiFi Cas9 and c.52A>T ssODN treated HUDEP2 was 

analyzed by CRISPResso. 7.89% of alleles had all 5 MMs (17(A<T) mutation and 4 silent MMs). 

(B) Sanger sequencing chromatogram of IVS1 gRNA/HiFi Cas9 and IVS1-110(G>A) ssODN 

treated HUDEP2 was analyzed by ICE. 27% of alleles had the IVS1-110(G>A) mutation. 

(B) Sanger sequencing chromatogram of IVS2 gRNA/HiFi Cas9 and IVS2-848(C>A) ssODN 

treated HUDEP2 was analyzed by ICE. 59% of alleles had the IVS2-848(C>A) mutation. 
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Figure 50. Hemoglobin phenotype characterization of bs/b0 and b0-HUDEP2 

(A) Reduced β-globin expression in βS/β0 and β0/β0 clones measured by rtPCR  

(B) β0-HUDEP2 (β0/β0) clone showed absence of β-globin chains and synthesis of γ-globin 

chains in western blot 

(C) Absence/reduced HbA and formation of alpha aggregates in b0 and b+ HUDEP2  

(D) Higher %F-cells in β-thal clones compared to parental WT HUDEP2  

(E) Hemoglobin native PAGE gel showing the increase in alpha-aggregates over the course of 

differentiation in B0-HUDEP2. 

β+ thalassemia IVS1-110(G>A) generation  

β+ thalassemia IVS1-110(G>A) was generated using IVS-1 gRNA and IVS1-110(G>A) 

ssODN (Figure 48B). IVS1-110(G>A) creates an alternative splice acceptor site on 

the intron1 (IVS1) of the HBB gene which leads to 80-90% aberrant splicing of HBB 

mRNA (Figure 51A) [162]. This is the most common HBB splicing mutation in 

Mediterranean countries and homozygous patients display severe symptoms and 

are transfusion dependent [162]. In the starting culture, 27% of alleles had the IVS1-

110(G>A) mutation (Figure 49B) and 7.3% of clones were expected to have 
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homozygous mutations. We established five individual clones with homozygous 

IVS1-110(G>A) mutations (Figure 48B). After erythroid differentiation, we 

extracted RNA which was then reverse transcribed into the cDNA. The primer pair 

was designed for specific amplification of mutant cDNA (Figure 51A, B). PCR 

followed by agarose gel analysis was used to confirm the presence of aberrant splice 

variant (250 bp amplicon) only in clones carrying IVS1-110(G>A) mutations (Figure 

51B). IVS1-110(G>A) HUDEP2 clones displayed reduced HbA from abnormal HBB 

splicing (Figure 53B,E). 
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Figure 51. Aberrant mRNA splicing in IVS1-110(G>A) HUDEP2 clones 

(A) IVS1-110(G>A) creates an alternative splice acceptor site on the intron1 (IVS1) of the HBB 

gene which leads to 80-90% aberrant splicing of HBB mRNA 

(B) The primer pair was designed for specific amplification of mutant cDNA. PCR followed by 

agarose gel analysis was used to confirm the presence of aberrant splice variant (250 bp 

amplicon) only in clones carrying IVS1-110(G>A) mutations 

β+ thalassemia IVS2-848(C>A) generation 

β+ thalassemia IVS2-848(C>A) was generated using IVS-2 gRNA and IVS2-848(C>A) 

ssODN (Figure 48C). This C->A change at position 848 next to the invariant AG 

dinucleotide, diminishes splicing but does not eliminate it [163, 164]. In vitro 
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expression studies reveal a diminished formation of normal mRNA and the presence 

of an abnormal message using a cryptic IVS-II acceptor site at IVS-II-579 (Figure 

52A) [163, 164]. The mutation can be found in an Iranian and a few Egyptian and 

Black families and patients display clinically significant phenotype with HbA level 

below 20% [163, 164]. In the starting culture, 59% of alleles had the IVS2-848(C>A) 

mutation (Figure 49C) and 35% of clones were expected to have homozygous 

mutations. We established five individual clones with homozygous IVS2-848(C>A) 

mutations (Figure 48C). The primer pair was designed for specific amplification of 

mutant cDNA (Figure 52A, B) or normal cDNA. PCR followed by agarose gel analysis 

was used to confirm the presence of aberrant splice variant (149 bp amplicon) only 

in clones carrying IVS2-848(C>A) mutations (Figure 52B). β+ thalassemia IVS2-

848(C>A) HUDEP2 clones displayed reduced HbA (46% HbA) from abnormal HBB 

splicing (Figure 52D,E). 
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Figure 52. Aberrant mRNA splicing in IVS2-848(C>A) HUDEP2 clones 

(A) C->A change at position 848 next to the invariant AG dinucleotide, diminishes splicing but 

does not eliminate it.  

(B) The primer pair was designed for specific amplification of mutant cDNA (Figure 8A, B) or 

normal cDNA. PCR followed by agarose gel analysis was used to confirm the presence of 

aberrant splice variant (149 bp amplicon) only in clones carrying IVS2-848(C>A) mutations. 
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Figure 53. Hemoglobin profile by HPLC 

Differentiated HUDEP2 clones were subjected to hemoglobin analysis by HPLC. 

(A) Nearly exclusive HbA production in WT parental HUDEP2 

(B) Nearly absent HbA, production of HbF and HbA2 and formation of alpha aggregates in b0-

HUDEP2 

(C,D) Reduced HbA, production of HbF and HbA and formation of alpha aggregates in b+ 

HUDEP2 

(E) Quantification of (A-D) 

4.2.2. Genome editing using CRISPR-Cas9 to recapitulate HPFH 

mutations in SCD HSPCs and HUDEP2 

Genome editing using CRISPR-Cas9 to recapitulate HPFH mutations in CD34+ 

SCD HSPCs 

The impact of large deletions in the globin locus can be variable. It has been well 

established that large deletions in ch. 11 can lead to high persistence of fetal 

hemoglobin (HPFH) [101]. CRISPR/Cas9 has been used to recapitulate beneficial 

HPFH   mutations by deleting the δ‐ and β‐globin genes (13 kb), γ‐δ intergeneic 

region (3.5 kb) and the Corfu region (7.2 kb) in erythrocyte precursor cells show 

potential therapeutic target for HbF induction [108, 109, 120]. Further, in 

individuals with Corfu δβ thalassemia deletion, efficient γ-globin mRNA production 

and HbF expression occur when β-globin mRNA levels fall below a critical threshold 

[110]. To determine the functional consequences of large deletions, we adapted a 

SD02 gRNA to recapitulate 13bp deletion in HBG promoters and designed dual 

gRNAs to recapitulate Corfu (7.2 kb deletions) and Kenya (23kb deletions) HPFH 

mutations (Figure 55A) [109, 120]. First, we tested these CRISPR-Cas9 strategies in 
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peripheral blood patient SCD CD34+ HSPCs (Figure 54). We found that 

recapitulation of these HPFH mutations leads to induction of HBG mRNA and HbF 

protein as well as increase in percentage of F-cells in SCD CD34+ by Native PAGE 

(Figure 54A,B), globin RNP-seq (Figure 54C) and HbF staining/flow cytometry 

(Figure 54D)  assays.  

 

Figure 54. Genome editing using CRISPR-Cas9 to create deletional HPFH mutations in PB 

SCD HSPCs 
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(A) Native PAGE gel image showing induction of HbF in treated samples and production of 

chimeric HbKenya in the sample with HPFH-Kenya mutation. 

(B) Quantification of (A) 

(C) Globin RNA-seq showing increased proportion of HBG mRNA in treated samples compared 

to mock and untreated and production of HBK mRNA in HPFH-Kenya sample. 

(D) HbF staining and flow cytometry results showing increased proportion of F-cells in treated 

samples compared to mock and untreated. 

(E) Differentiated cells were stained with CD235A and CD71 antibodies to check percentage of 

mature erythrocytes (CD235A+/CD71-). 

Genome editing using CRISPR-Cas9 to create deletional HPFH mutations in WT 

HUDEP2 

Next, we applied the same CRISPR-Cas9 strategies in HUDEP2 to check if we observe 

similar hemoglobin phenotype as in CD34+. We generated clonal cell lines with 

homozygous SD02 or Kenya mutations (Figure 55A). Our flow cytometry results 

confirmed that both the Kenya and SD02 HUDEP2 cell lines have a higher level of 

HbF compared with WT control (Figure 55B) validating that HPFH phenotype can 

be achieved by introducing deletional HPFH mutation in HUDEP2.  
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Figure 55. Engineered HUDEP2 cell lines for HPFH 

(A) Kenya (Δ23kb) and SD02 (Δ13bp) deletions that induce HPFH.  

(B) Flow cytometry of HUDEP2 clones containing HPFH mutations with HbF immunostained. 

Genome editing using CRISPR-Cas9 to create deletional HPFH mutations in β-

thalassemia HUDEP2 

It is especially difficult to access HSPCs from β-Thalassemia patients with 

various genotypes because it is relatively rare in the United States even though β-

thalassemia is one of the most common autosomal recessive disorders in the world. 

β0-HUDEP2 clone showed the absence of HbA and excess α-globin aggregates in 

HPLC and higher proportion of F-cells compared to the parental WT HUDEP2 by 

flow cytometry. Introducing well-characterized HPFH mutations resulted in 
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induction of HbF and clearance of excess α-globin aggregates in β0- HUDEP2 

supporting that our β-Thalassemia HUDEP2 models can provide an in vitro system 

for testing genome editing strategies for fetal hemoglobin induction and α-globin 

clearance ( 

 

Figure 56). 
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Figure 56. HPFH mutation in b0 HUDEP2 

Two B0-HUDEP2 clones were treated with (1) R-66S, (2) SD-02, (3) dual gRNAs to introduce 

the Corfu deletion and (4) dual gRNAs to introduce the Kenya deletion. Hemoglobin profile in 

treated samples (1-4) were compared to untreated sample (5).  

(A) Native PAGE gel image showing induction of HbF in treated samples compared to untreated.  

(B) Quantification of hemoglobin variants in (A). 

(C) Flow cytometry plots showing increase in %F-cells in treated samples compared to untreated. 

Quantification of (D) %F-cells and (E) Mean Fluorescent Intensity (MFI) of the F-cells.  
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4.2.3. Targeted integration of anti-sickling HBB cDNA in β-

thalassemia HUDEP2  

Challenges associated with lentivirus-based gene addition or rAAV6 donor 

based targeted integration to treat β-thalassemia 

Lentiviral-vectors have become particularly attractive for gene therapy due to their 

ability to efficiently transduce HSPCs and carry full length β-globin gene along with 

a promoter and regulatory elements. In the last 2 decades, gene therapy for β-

hemoglobinopathies using a lentiviral-vector have been significantly improved and 

proven curative in animal models and pre- clinical studies [24, 27, 31, 32, 165]. A 

self-inactivating (SIN) lentiviral vector encoding the human anti-sickling β-globin 

gene, LentiGlobin, is currently evaluated in clinical trials with transfusion dependent 

β-thalassemia and SCD patients for the efficiency and safety [24]. Patients 

underwent myeloablative conditioning followed by infusion of autologous CD34+ 

HSPCs transduced ex vivo with a LentiGlobin [31, 32]. The LentiGlobin vector is 

composed of βA-T87Q-globin gene (β-globin engineered with a single anti-sickling 

amino acid substitution), β- globin promoter, and essential elements of the locus 

control region (LCR) of the β-globin gene to drive physiological level of transgene 

expression in the erythroid lineage (Figure 57A) [27]. Safety modifications were 

added to the lentiviral vector including deletion in HIV long terminal repeat (LTR) 

and addition of insulators [27]. The recent report (2017) of the first SCD patient 

treated with LentiGlobin clinical trial using autologous HSPCs provides proof of 

concept for this approach [166]. Most recently (2018), interim results from two 
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lentiviral-vector based clinical trials in patients with SCD and β-thalassemia 

reported reduced need for long-term red cell transfusion without serious adverse 

events related to the treatment [26]. However, the use of lentiviral vector 

potentially poses a risk of generating a replication competent lentivirus (RCL) 

capable of infecting non-target cells [27]. Lentivirus integrates semirandomly 

throughout the host genome which is associated with several drawbacks. The β-

globin LCR or long range enhancer may result in transcriptional perturbation of 

genes flanking lentiviral vector integration site (IS). Clonal dominance or cancer can 

occur when lentiviral vectors integrate within oncogenes. In clinical trial, one 

patient with βE/β0-thalassemia had initial increase in a dominant clone bearing a 

lentiviral vector insertion at the HMGA2 gene locus [165]. In addition, the 

transcriptional activity of the vector might be influenced by surrounding chromatin 

contributing to the variability in transgene expression following gene transfer [27]. 

Longer follow-up is required to confirm the durability of the efficacy and safety of 

lentiviral-vector based gene therapy.  

Recent studies have demonstrated efficient targeted integration at the HBB 

locus in CD34+ HSPCs from mobilized peripheral blood (mPB) by using RNP 

combined with recombinant adeno-associated viral vectors of serotype 6 (rAAV6) 

(Figure 57B) . With an HBB cDNA-EF1α -tNGFR template packed in rAAV6, an 

average of 11% HR-mediated gene editing frequency was achieved in SCD HSPCs 

[126]. One main advantage of AAV vectors is the low frequency of vector integration 

into the host genomic DNA and the low risk of related insertional mutagenesis and 

genotoxicity. However, previous reports have detected AAV genomes captured at 
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the site of CRISPR/Cas9 induced on-target and off-target DSBs via NHEJ [167-169]. 

In addition, reports have shown AAV-mediated targeted integration without a DSB 

[170, 171]. Clonal dominance can occur when AAV vectors integrate within 

oncogenes due to the inverted terminal repeat (ITR) transactivation effect [172]. 

rAAV vector genomes persist in nucleus of the infected cells mainly as circular 

episomes or integrated within the host DNA [172]. Therefore, it is important to 

address genotoxicity from the vector insertion and study effect of AAV genome 

persistence in preclinical studies. 

 

Figure 57. Viral vector for anti-sickling β-globin insertion for SCD  

(A) The self-inactivating (SIN) lentiviral vector encoding antisickling β-globin. ψ, packaging 

signal; cPPT, central polypurine tract; HS, DNase I hypersensitive site; LTR, long terminal 

repeats (U3, R, and U5); RRE, rev-responsive element; WPRE, woodchuck hepatitis virus 

posttranscriptional regulator element [27]. Adapted from―Preclinical evaluation of efficacy and 
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safety of an improved lentiviral vector for the treatment of β-thalassemia and sickle cell disease,‖ 

by O. Negre et al, 2015, Current gene therapy, 15(1), 64-81.  

(B) rAAV6 donor encoding a functional HBB anti- sickling cDNA followed by an expression 

cassette for tNGFR [126]. Adapted from―CRISPR/Cas9 beta-globin gene targeting in human 

haematopoietic stem cells,‖ by D.P. Dever et al, 2016, Nature. 

CRISPR/Cas9 and a viral-free donor template for the 2-in-1 defective β-globin 

gene knock-out and functional β-globin variant knock-in for treating β-

hemoglobinopathies 

 To address these challenges associated with lentivirus based gene addition or 

rAAV6 donor based targeted integration, we will demonstrate the use of 

CRISPR/Cas9 and a viral-free donor template for the 2-in-1 defective β-globin gene 

knock-out and functional β-globin variant knock-in for treating β-

hemoglobinopathies. Recent studies (2018) have demonstrated editing efficiency 

and specificity, as well as reduced off-target integration of long single stranded DNA 

donor (lsODN) in primary cells, stem cells, and developing transgenic animal model 

[173-176]. Chemical solid-phase synthesis on polymeric supports is the method of 

choice for dsDNA oligonucleotide manufacturing. However, chemical DNA synthesis 

technologies are limited by the maximum length attainable because yields of DNA 

decrease dramatically with increasing length. Chemically synthesized ssDNA 

oligonucleotides of up to 2000 bases are commercially available but associated with 

high cost ($0.90 USD/base for 3ug final yield) and long turnaround time (20 

business days) limiting the use of lsODN. (Integrated DNA Technologies, Megamer®  

Single-Stranded DNA Fragments). In this aim, we will first develop a cost and time 

efficient synthesis method for lsODN (>2kb) which can be used as a repair template 
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encoding the transgene flanked by homology arms. Next, we will investigate 

targeted integration efficiency, specificity and toxicity of lsODN as a donor for gene 

replacement. Our goal is to demonstrate an efficient and safe therapeutic RNP and 

non-viral based gene replacement strategy in patient derived hematopoietic stem 

and progenitor cells to treat β- hemoglobinopathies. Our approach will be especially 

useful in treating diseases characterized by allelic heterogeneity or disorders 

involve multiple disease-causing mutations in the DNA sequences of single genes.  

1. Strategy for targeted integration of the GFP reporter into the HBB locus 

The EF1α -EGFP donor consists of truncated human elongated factor 1 alpha (EF1α) 

promoter, EGFP, β-globin poly A tail and two homology arms on each side flanking 

the EF1α- EGFP-pA cassette (Figure 58a). For the EF1α-EGFP donor assembly and 

cloning, primers were designed with appropriate restriction site overhang (Figure 

58b). HBB homology arms were PCR amplified from the genomic DNA and EF1α-

EGFP-pA was PCR amplified from the custom synthesized gene fragment. The DNA 

of interest (LHA- EF1α-EGFP-pA-RHA) was cloned into the multiple cloning site of 

pLSODN-4D via cohesive-end 3-way ligation (Figure 58b). After the targeted 

integration, EF1α promoter will drive the GFP expression. This donor will be used to 

optimize the protocol for simultaneous delivery of donor DNA and RNP and monitor 

targeted integration rate in K562. When supplied as dsDNA, the intact EF1α-EGFP 

donor inside the nucleus will constitutively express GFP and kinetics of dsDNA 

degradation in nucleus can be monitored. 
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Figure 58. Strategy for CRISPR/Cas9 targeted integration of the EF1α-EGFP-pA cassette 

into the HBB locus 

(a) Schematic of the targeted knock-in of the EF1α-EGFP-pA cassette at the R-66 DSBs. The 

EF1A-EGFP donor consists of truncated human elongated factor 1 alpha (EF1α) promoter, 

EGFP, beta-globin poly A tail and two homology arms on each side flanking the EF1α-EGFP-pA 

cassette.  

(b) Schematics of the cohesive-end restriction cloning strategy for directional 3-way ligation of 

fragments into the pLSODN-4D donor 

2. Plasmid-based synthesis of a long single-stranded DNA donor 

First, we synthesized lsODN using the commercially available Long ssDNA 

Preparation Kit (BioDynamics Laboratory Inc.). The cloned plasmid harboring the 

DNA of interest (pLSODN- 4D-EF1α-EGFP) was digested with a combination of a 

restriction enzyme (KpnI) and a nicking endonuclease (Nb.BsmI) (Figure 59A). The 

nicked plasmid was denatured by mixing with denaturing gel loading buffer and 

then subjected to urea gel electrophoresis according to the manufacturer‘s protocol. 

The band corresponding to a non-target strand lsODN was isolated by gel extraction 

(Figure 59B). The target strand lsODN was isolated using the pLSODN-4D with the 

inverted fragment insertion. Due to the low concentration of the lsODN, the target or 

non- target strand lsODNs were further purified and concentrated using sodium 

acetate and ethanol precipitation. The EF1α-EGFP lsODN purified from the nicked 
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and denatured pLSODN-4D- EF1α-EGFP was run on an agarose gel alongside a RNA 

ladder to confirm the expected size band free from degradation or dsDNA 

contamination (Figure 59C). The concentration of lsODNs was measured by Qubit 

ssDNA kit. Based on the molecular weight of the pLSODN-4D-EF1α- EGFP (8.5 kb) 

and lsODN (2 kb ssDNA), maximum theoretical yield of the lsODN from the digestion 

of 100 ug plasmid is 12 ug. The actual yield of lsDNA from a 100 μg of a plasmid was 

2.2 ug. Requirement for a large amount of the plasmid and inefficient lsODN 

recovery significantly limited the use of this method. 

 

Figure 59. Plasmid-based synthesis of a long single-stranded DNA donor. 

(A) The cloned plasmid was digested with a combination of a restriction enzyme (KpnI) and a 

nicking endonuclease (Nb. BsmI).  
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(B) The nicked plasmid was denatured and then subjected to urea gel electrophoresis to separate 

the digested and denatured lsODNs from the plasmid backbone. The top dark band corresponds to 

nicked and denatured pLSODN-4D. The bottom faint band corresponds to the desired lsODN. 

GelGreen has higher sensitivity for dsDNA compared to ssDNA resulted in underrepresentation 

of the amount of lsODN compared to plasmid backbone on the gel image.  

(C) Lane 1: dsDNA marker, Lane 2: prestained RNA marker calibrated against linear ssDNAs‘ 

bands, Lane 3: pLSODN-4D-EF1α-EGFP, Lane 4, 5: an EF1α-EGFP lsODN purified from the 

nicked and denatured pLSODN-4D-EF1α-EGFP 

3. Targeted insertion in K562 with plasmid and lsODN delivery 

K562 cells were electroporated with up to 2.5 ug of non-target strand EF1α-EGFP 

lsODN (Figure 60a) along with the optimized amount of RNP composed of Spy Cas9 

and gRNA targeting the first exon of HBB. The EGFP expression was monitored using 

flow cytometry, and the targeted knock-in efficiency was measured using a droplet 

digital PCR assay. We achieved up to 22% cells with targeted insertion, as measured 

by the percentage of GFP+ cells (Figure 60b, c). The number of GFP+ cells increased 

with the amount of lsODN in a dose dependent manner (Figure 60c). An in-and-out 

ddPCR using a forward primer specific to the insert and a reverse primer binding to 

the genomic DNA outside of the RHA (Figure 60a) quantified the targeted knock-in 

of the EF1α-GFP cassette at the gRNA-induced Cas9 cleavage site. Delivering RNP 

and up to 2.3 μg of lsODN using electroporation did not affect cell viability compared 

to the RNP-only control in K562. 
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Figure 60. Targeted insertion in K562 with plasmid and lsODN delivery 

(a) Schematic representation of the targeted knock-in of the EGFP cassette mediated by the long 

ssODN. Red arrows: In-out ddPCR primers specific to insertion alleles  

(b) ssODN-only treatment results in a low level of GFP+ cells compared to RNP and ssODN-

treatment.  

(c) The percentage of GFP+ cells and targeted GFP knock-in increased with the amount of ssODN 

in a dose dependent manner. Green: %GFP+ cells measured by flow cytometry at day 12 post 

electroporation, Red: %Targeted GFP knock-in measured by ddPCR at day 3 post 

electroporation. 

4. Targeted insertion in CD34+ HSPCs using RNP and EF1α-EGFP lsODN 

Next, targeted insertion efficiency using RNP and target strand or non-target strand 

lsODN was evaluated in clinically relevant CD34+ HSPCs. In HSPCs, delivering RNP 

and up to 2 ug lsODN resulted in only 0.7 % GFP+ cells (Error! Reference source not f

ound.c). This could be due to inefficient delivery of lsODN or lower rate of lsODN-

mediated DNA repair in HSPCs compared to K562. Delivery of both RNP and lsODN 

or lsODN only did not lower the cell viability and addition of lsODN did not affect the 

NHEJ frequency at targeted HBB locus compared to RNP only control (Figure 61a, b). 

GFP positive cells were single-cell sorted and cultured in erythroid expansion media 

for two weeks to establish clonal cell line with stable TI (Figure 61b). Clonally 

expanded cells were subjected to DNA extraction and analyzed by ddPCR and 

sequencing. Fifteen GFP+ clones were evaluated for target strand and non-target 
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strand mediated editing using in-and-out PCR at LHA and RHA (Figure 61e). 

Fourteen clones derived from non-target lsODN mediated editing had the amplicon 

size associated with seamless KI of GFP cassette. On the other hand, only eleven 

clones derived from target lsODN mediated editing showed seamless KI pattern 

(Figure 61f). This result suggested that homology directed gene insertion may 

proceed through different mechanism for target strand donor and non-target strand 

donor. Further testing in larger number of clones is necessary to understand the 

strand-dependent repair process and to design more efficient lsODN accordingly. 

According to the preliminary results in CD34+ cells, efficient gene knock-in requires 

delivery of high amount of lsODN. Previously described lsODN synthesis based on 

plasmid digestion required large starting amount of plasmid and resulted in low 

yield due to inefficient recovery of lsODN after gel extraction. Thus, PCR-based 

lsODN synthesis methods were designed and tested including lambda exonuclease 

digestion and biotin-streptavidin magnetic separation based methods. 
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Figure 61. Targeted insertion in CD34+ HSPCs using RNP and EF1α-EGFP lsODN 

(a) Cell viability was measured using Trypan Blue staining 20 hours after the delivery of both 

RNP+1000ug target-strand lsODN, RNP+2000ng non-target strand lsODN, 500ng non-target 

strand lsODN only, and RNP only.  
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(b) Indel frequency at R-66 target site was measured by probe-based ddPCR assay  

(c) %GFP+ cells measured by flow cytometry at day 8 post electroporation. The number of GFP+ 

cells increased with the amount of lsODN in a dose dependent manner.  

(d) Image of the flow cytometry plot and FITC threshold used for the GFP+ single cell sorting. 

(e) Schematics of target strand lsODN and non-target strand lsODN. Primers designed for in-and-

out PCR to check targeted knock-in at LHA (primers shown as red arrows) or RHA (primers 

shown as green arrows).  

(f) Fifteen GFP+ clones were evaluated for target strand and non-target strand mediated editing 

using in-and-out PCR at LHA and RHA. 

5. Preparation of lsDNA using lambda exonuclease digestion 

Lambda exonuclease is a 5‘ exonuclease and 5‘ phosphate labeled dsDNA is the 

preferred substrate for lambda exonuclease. The enzyme exhibits low activity on 

non- phosphorylated DNA and ssDNA; 5 -́hydroxyl ends are digested 20X slower 

than 5 -́phosphate ends and ssDNA is digested 100X slower than dsDNA [177]. 

dsODN was PCR amplified from the donor plasmid using four combinations of 

primers; (1) unmodified forward and reward primers (2) 5‘ phosphate labeled 

forward and reverse primers, (3) 5‘ phosphate labeled forward and unmodified 

reverse primers, and (4) unmodified forward and 5‘ phosphate labeled reverse 

primers. Although 5‘ phosphate strands were more susceptible for digestion, 

unmodified dsDNA and ssDNA were also subjected to degradation (Figure 62a). To 

further inhibit digestion of unmodified strand, dsODN was PCR amplified using a 

reverse primer with 5‘ phosphate and a forward primer with 5‘ biotin and five 

phosphorothioate (PTO) modifications to prevent digestion of the sense strand 

(Figure 62b) [178, 179]. The pLSODN-4D with the inverted fragment insertion will 

be used to prepare a target strand lsODN using the same primer designs (Figure 

62c). The use of vector specific M13 primer for the dsDNA amplication makes this 



 
188 

method universally applicable regardless of the cloned insert as long as it is flanked 

by the M13 sequences. The lambda exonuclease digestion conditions were 

optimized to obtain the highest amount of ssDNA as well as the highest ratio of 

ssDNA to undigested dsDNA. The optimized parameters include unit of lambda 

exonuclease, amount of dsDNA substrate, digestion period, and primer designs and 

modifications. The lsODN generation was the most efficient with the following 

condition: 20 U lambda exonuclease and 6 ug dsDNA in 50 ul reaction for 3 hr 

incubation at 37‘C (Figure 64). Lambda digested products were purified and 

concentrated using MinElute PCR clean up kit. The yield of purified ssDNA from 

dsDNA substrate using lambda exonuclease digestion is approximately 20%. 
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Figure 62. Lambda exonuclease digestion of 5’ phosphate labeled dsDNA 

(a) dsODN was PCR amplified from the donor plasmid using four combinations of M13 primers; 

(1) unmodified forward and reward primers (2) 5‘ phosphate labeled forward and reverse primers, 

(3) 5‘ phosphate labeled forward and unmodified reverse primers, and (4) unmodified forward 

and 5‘ phosphate labeled reverse primers.  

(b) To further inhibit digestion of unmodified strand, dsODN was PCR amplified using a M13 

reverse primer with 5‘ phosphate and a M13 forward primer with 5‘ biotin and five 
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phosphorothioate (PTO) modifications. 5‘ biotin and PTO modifications prevent the non-target 

strand from lamda exonuclease digestion.  

(c) The pLSODN-4D with the inverted fragment insertion will be used to prepare a target strand 

lsODN using the same primer designs. 

 

Figure 63. Optimized lambda exonuclease based method for lsODN synthesis 

(a) dsODN was PCR amplified from the donor plasmid using a reverse primer with 5‘ phosphate 

and a forward primer with 5‘ biotin and five PTO bond modifications to prevent digestion of the 

sense strand, DsDNA was subjected to lambda exonuclease digestion over 180 min periods.  

(b) 5 ul of the reaction was collected at designated timepoints and the enzyme was inactivated by 

EDTA and visualized on agarose gel electrophoresis  

(c) Quantification of the relative amount of dsDNA and ssDNA by Image J. The ratio of 

ssDNA/dsDNA over digestion period was graphed. 
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6. Preparation of ssDNA using alkaline denaturation of biotinylated PCR 

products attached to streptavidin-coated magnetic bead 

Dynabeads M-280 Streptavidin was used for preparing biotinylated ssDNA. One mg 

of Dynabeads M-280 Streptavidin typically binds 10 µg dsDNA. As the length of the 

DNA template and the biotinylation procedure will affect the binding capacity, the 

dynabead binding assay was performed according to the manufacturer‘s protocol to 

determine the optimal binding condition. dsDNA was PCR amplified from the donor 

plasmid using a forward primer with 5‘ biotin and an unmodified reverse primer 

(Figure 64a). The 250-2000 ng of the biotinylated dsDNA was incubated with 100 

ug Dynabeads for 20-80 min period. The amount of bound DNA was calculated by 

subtracting the amount DNA remaining in solution at each time point from the 

amount of input DNA (Figure 64b). The maximum binding capacity was achieved 

with 500 ng DNA and 100 ug beads after 80 min incubation. Non-biotinylated ssDNA 

was released from the beads by alkaline denaturation utilizing 200 mM NaOH. The 

eluent was neutralized using 10X TE and acetic acid. Results show that trace 

amounts of dsDNA are released during alkaline denaturation, but the main product 

is ssDNA (Figure 64c). The yield of ssDNA using alkaline denaturation of 

biotinylated PCR products attached to streptavidin-coated magnetic bead is 

approximately 30%. Because the lambda exonuclease-based ssDNA synthesis 

yielded high purify lsODN with very low dsDNA contamination, the enzyme-based 

protocol will be used for lsODN synthesis in follow up studies. 
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Figure 64. Preparation of lsDNA using alkaline denaturation of biotinylated PCR products 

attached to streptavidin-coated magnetic bead 

(a) Schematic representation of the biotin- streptavidin magnetic separation based lsODN 

preparation methods  

(b) 250-2000 ng of 5‘ sense-strand biotinylated dsDNA was incubated with 100 ug Dynabeads for 

20-80 min period. The amount of bound DNA was calculated by subtracting the amount DNA 

remaining in solution at each time point from the amount of input DNA.  

(c) Lane1: 1kb DNA ladder, Lane2: RNA ladder, Lane3: dsDNA PCR product, Lane 4,5: ssDNA 

eluted by alkaline denaturation. The trace amounts of dsDNA are released during alkaline 

denaturation, but the main product is ssDNA. 

7. Investigate efficiency of targeted knock-in using long dsDNA and ssDNA 

donor templates in K562 
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K562 cells were electroporated with RNP and up to 400 ng target-strand EF1α-EGFP 

lsODN prepared by lambda exonuclease digestion. The EGFP expression was 

monitored using flow cytometry. We achieved up to 30% GFP+ cells with 400 ng 

lsODN. Delivery of lsODN without RNP initially resulted in a similar level of GFP+ 

cells compared to the delivery of RNP and lsODN. This is most likely due to EF1α 

driven GFP expression from dsDNA contamination. LsODN only treated cells lost all 

GFP expression over time as the dsDNA degraded and diluted through cell division, 

but GFP expression persisted in RNP and lsODN treated samples as the daughter 

cells inherit edited alleles (Figure 65a, b). Next, we delivered equimolar amount of 

ssDNA and dsDNA to compare KI efficiency in K562. With delivery of R-66 RNP and 

3 pmol of DNA donor (2ug ssDNA or 4ug dsDNA), We observed 30% GFP+ cells with 

ssDNA and 60% GFP+ with dsDNA (Figure 65c, d). In donor only samples, low 

frequency of GFP+ cells was observed from non-specific integration; 0.8% GFP+ cells 

in ssDNA and 2.4% GFP+ cells in dsDNA only samples (Figure 65c). Lower frequency 

of background GFP+ cells in lsDNA only sample suggests reduced off-target 

integration of lsODN compared to dsDNA. The cells treated with RNP and 3pmol 

donor were single cell sorted  without  fluorescent  detection  and  numbers  of  GFP+  

clones  were counted. %GFP+ clones matched %GFP+ cells before sorting showing 

that we can produce stable knock-in clones at high efficiency (Data not shown). 
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Figure 65. Efficiency of targeted knock-in using long dsDNA and ssDNA donor templates 

(a,b) K562 cells were electroporated with RNP and 400 ng target-strand EF1α-EGFP lsODN 

prepared by lambda exonuclease digestion or 400 ng target-strand donor only. The EGFP 

expression was monitored using flow cytometry 

(c) The equimolar amount of ssDNA and dsDNA were used to compare KI efficiency in K562 

(d) RNP and 3 pmol dsDNA treatment results in 60% GFP+ cells. 

7. Characterization and quantification of different knock-in patterns by RNP 

and long dsDNA 

Possible outcomes of dsDNA-mediated gene repair include complete HDR targeted 

insertion (TI), Homology Independent Targeted Integration (HITI) with the donor 

fragment inserted in forward direction or reverse direction, and incomplete HDR 

with 5‘NHEJ or 3‘NHEJ- mediated KI (Figure 66). To analyze different KI patterns in 

GFP+ clones, an in-and-out primer pairs that produce a small amplicon from the 
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HDR modified HBB locus and a large amplicon from the HITI  modified HBB locus 

were designed (Figure 67a). K562 cells is triploid on chromosome 11 so there could 

be upto 3 targeted KI events per cell. PCR and sequencing analysis of clones 

confirmed that all of GFP+ clones carry the HDR knock-in in at least one allele 

(Figure 67b). One clone had two bands from the PCR across the KI junction at LHA, 

indicating presence of both HDR and HITI modified alleles. Two clones had two 

bands from the PCR across the KI junction at RHA (Figure 38b). With Homology 

Independent Targeted Integration (HITI), the donor fragment could get inserted in 

forward direction or reverse direction or results in incomplete HDR with 5‘NHEJ or 

3‘NHEJ-mediated KI (Figure 67c). To analyze the different HITI patterns, 4 primer 

pairs were designed to amplify across the HITI junctions (Figure 67c). EvaGreen 

ddPCR assay was optimized to determine the frequency of each type of HITI events. 

ddPCR and Sanger sequencing of GFP+ clones confirmed low frequency of HITI 

events. Most of the donor insertion events were mediated by HDR TI and less than 

5% of HITI (Figure 67d). 
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Figure 66. Possible outcomes of dsDNA-mediated gene repair 

Complete HDR targeted insertion (TI), Homology Independent Targeted Integration (HITI) with 

the donor fragment could get inserted in forward direction or reverse direction; Incomplete HDR 

with 5‘NHEJ or 3‘NHEJ- mediated KI. 
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Figure 67. Characterization of different knock-in patterns generated by RNP and dsDNA 

(a) Schematics of in-and-out PCR assay with one primer specific to insert and one primer binding 

to gDNA outside of HA.  

(b) PCR and sequencing on GFP+ clones identified low frequency of HITI.  

(c) EvaGreen ddPCR assay was used to quantify 4 cases of HITI events; forward HITI at LHA 

(blue), forward HITI at RHA (red), reverse HITI at LHA (green) and reverse HITI at RHA 

(purple).  

(d) Most of the donor insertion events is mediated by HDR TI with below 5% HITI. 
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8. Delivery of the promoterless EGFP donor in β-thalassemia HUDEP2 

The promoterless-EGFP donor consists of homology arms, EGFP, and bovine growth 

hormone poly A tail (BGH pA) (Figure 68a). The promoterless-EGFP donor will be 

used to measure the targeted knockin efficiency and the expression of the transgene 

in HUDEP2 and CD34+ cells with active HBB transcription. The R-66 RNP was 

delivered in conjunction with the promoterless-EGFP donor into the β-thalassemia 

HUDEP2. The edited cells were subjected to erythroid differentiation and the GFP 

expression was monitored by the flow cytometry. The increasing number of the 

GFP+ cells and the MFI over the course of differentiation demonstrated seamless 

targeted integration of EGFP and expression under the endogenous HBB promoter 

(Figure 68b, c). 

 

Figure 68. Delivery of the promoterless GFP donor in β-thalassemia HUDEP2 
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(a) Schematic of the targeted knock-in of the EGFP-pA cassette at the R-66 DSBs. The EGFP 

donor consists of 455bp homology arms, EGFP, and bovine growth hormone poly A tail (BGH 

pA). The GFP will under the control of endogenous HBB promoter.  

(b) %GFP+ cells over the course of differentiation.  

(c) MFI of the GFP+ cells over the course of HUDEP2 differentiation. 

9. Delivery of the HBB cDNA donor in β-thalassemia HUDEP2 

Next, the therapeutic anti-sickling HBB cDNA donor consists of HBB homology arms 

flanking the R-66 gRNA induced DSB, anti-sickling HBB cDNA, and β-globin poly A 

tail (Figure 69a). The anti-sickling HBB cDNA insert was commercially synthesized 

as a gene vector. The nucleotide sequences of the HBB cDNA insert were diverged to 

prevent the insert from being used a homology donor. After the TI, the anti-sickling 

HBB expression will be under the control of the endogenous HBB promoter. This 

will ensure erythroid lineage specific and physiological level of the anti-sickling HBB 

expression. The R-66 RNP was delivered in conjunction with the AS-HBB donor into 

the β-thalassemia HUDEP2. Because the anti-sickling hemoglobin (α2βAS2) runs 

with the HbA (α2β2) on Native PAGE, the production of anti-sickling hemoglobin 

can be detected in β-thalassemia HUDEP2. The Native PAGE confirmed production 

of the α2βAS hemoglobin tetramer by targeted insertion of the anti-sickling HBB 

cDNA after the HBB endogenous promoter (Figure 69b). 
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Figure 69. Delivery of the therapeutic anti-sickling HBB Cdna donor in β0-HUDEP2 

(a) The anti-sickling HBB cDNA (AS-HBB) donor consists of left homology arm (LHA), anti-

sickling HBB cDNA, right homology arm (RHA), and beta-globin poly A tail. The nucleotide 

sequences of the HBB cDNA insert were diverged to prevent the insert from being used a 

homology donor potentially resulting in premature crossover. The inserted AS-HBB expression 

will be under control of the endogenous HBB promoter.  

(b) Native PAGE image showing the hemoglobin expression by anti-sickling beta globin donor in 

β-thal HUDEP2. The red arrow indicates the α2βAS. 

4.2.4. Drug screening in HUDEP2 models 

The effects of anti-sickling drugs in Sickle-HUDEP2 clones (Data courtesy of Drs. 

Vivien Sheehan and Alicia Chang) 

The development of allosteric modifiers of hemoglobin as direct anti-sickling agents 

is an attractive investigational goal targeting the fundamental pathophysiological 
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mechanism of SCD. Under low oxygen saturation, HbS assumes the tense (T-state) 

deoxy-Hb conformation that can form polymers. Pharmacological agents that 

destabilize the deoxy-Hb conformation or stabilize the relaxed state (R-state) oxy-

Hb conformation of HbS have the potential to delay the sickling of RBCs by slowing 

polymerization kinetics. For example, GBT440 is a drug currently in phase III 

clinical trials which acts by increasing the oxygen affinity to hemoglobin (Table 7) . 

This stabilizes the oxy-Hb conformation, inhibits polymerization of the HbS, and 

reduces hypoxia-induced sickling in vitro. Relevant classes of agents include VZH-

039 and Triazole sulfide (Table 7) [181]. 

HPLC showed greater than 98% sickle hemoglobin (HbS) production with no 

normal adult hemoglobin (HbA) production in S-HUDEP (Figure 47d). Because red 

cells with high concentrations of HbS will polymerize and sickle under 

deoxygenated conditions, next we subjected S-HUDEP2 cells to 2% O2 for four 

hours to test if sickling occurred. When subject to hypoxic conditions for 4 hours, S-

HUDEP2 cells produced sickle cells (Figure 70a, b). Next, we tested if known anti-

sickling agents could inhibit sickling in this cell model. Treatment of S-HUDEP2 with 

75μM and 150μM of GBT440 reduced sickling by 16% and 25% respectively under 

hypoxic conditions (Figure 70c, d). We demonstrated that S-HUDEP2 cells are a 

viable in-vitro model to screen anti-sickling compounds and may lead to 

identification of new therapeutic options for SCD patients. 
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Figure 70. The effects of anti-sickling drugs in S-HUDEP2 clones 

When subject to hypoxic conditions for 4 hours, S-HUDEP2 cells produced sickle cells.  

(a,b) HUDEP2 parent cell controls showing no sickling under hypoxic conditions. S-HUDEP2 

cells show 20% sickling at day 10 of differentiation and 35% sickling at day 14 of differentiation, 

(c,d) Treatment of S- Hudep2 with 75μM and 150μM of GBT440 reduced sickling by 16% and 

25% respectively under hypoxic conditions. (Data courtesy of Drs. Vivien Sheehan and Alicia 

Chang) 

The effects of HbF inducer in HUDEP2   

Elevated HbF ameliorates the severity of both SCD and β-thalassemia by diluting 

HbS and inhibiting its polymerization in SCD and by functionally compensating for 

the absence of β-globin chain production and decreasing the α/β-chain imbalance in 

β-thalassemia. Therefore, there has been a longstanding interest in developing 
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therapeutic approaches for inducing HbF. Although mechanism of inducing fetal 

hemoglobin is still not fully understood, recent genetic studies, including genome-

wide association studies (GWASs) and whole-exome sequencing (WES) have 

identified direct or indirect repressors (BCL11A, KLF-1, MYB) [35, 146, 182] and 

positive regulators (FOXO3, AMPK) [183] of γ-globin expression in erythrocytes. 

Advanced understanding of γ-globin regulation and identification of novel modifiers 

of HbF could offer a druggable therapeutic target for SCD and β-thalassemia. 

Accordingly, many studies have concentrated on screening and validation of 

potential inducers of HbF and several clinical studies of HbF inducers have been 

performed to date (Table 7). 

Normal parental cell line, six individual S-HUDEP2, and two individual β0-

HUDEP2 clones were used to test the pharmacological induction of HbF. We 

initiated drug treatment in expansion phase with 50 uM hydroxyurea. Hydroxyurea 

was the only FDA approved drug for HbF induction. HUDEP2 clones were cultured 

in the presence of drugs for 4 days before subjected to differentiation with the drug. 

Trypan Blue staining and CD71/CD233/CD235 staining determined the effect of the 

drugs on the viability, growth rate and erythroid development of HUDEP2 lines. 

After 10 days of drug treatment, differentiated HUDEP2 were analyzed for globin 

expression through RT-qPCR and HPLC, HbF positive cells (F-cells) were quantified 

via flow cytometry. Hydroxyurea induced increases in γ-globin gene (HBG) 

expression and percentages of F-cells in S-HUDEP2 and β0-HUDEP2 clones (Figure 

71a-c, Figure 72a, b). However, hydroxyurea mediated γ-globin induction did not 

result in higher %HbF in one sickle clone (S-HUDEP2 C6) in HPLC analysis (Figure 
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71c). This is due to the predominant expression of HBB in HUDEP2 and induction of 

γ-globin without β to γ-globin switching by hydroxyurea in S-HUDEP2. In β0-

HUDEP2, hydroxyurea increased percentage of HbF and HbA2 and decreased 

percentage of α-aggregates (Figure 72c). This finding demonstrated that 

hydroxyurea treatment induced HBG expression which resulted in increased level of 

HBG protein and percentage of F-cells in engineered S-HUDEP2 and β0-HUDEP2 

clones. However, because HUDEP-2 exclusively expressed HBB over HBG, this HBG 

induction did not result in increase in HbF percentage which would be necessary for 

correction of the SCD or β-thalassemia disease phenotype. Future work will include 

screening other HbF inducing compounds (Metformin, Piceatannol, Decitabine, 

Pomalidomide) with different mechanism of action. 
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Figure 71. Induction of γ-globin in sickle HUDEP2 

Six individual S-HUDEP2 clones (C1-C6) were treated/differentiated with DMSO (mock) or 

50 μM hydroxyurea (HU).  

(a) Induction of γ- globin without β to γ-globin switching in sickle clones.  

(b) Hydroxyurea preferentially increased γ-globin chain.  

(c) Higher %F-cells in hydroxyurea treated clones.  

(d) Hydroxyurea mediated γ- globin induction did not resulted in higher %HbF in one sickle 

clone (C6). 
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Figure 72. In vitro drug screening in βs/β0 and β0-HUDEP2. 

(a-c) βs/β0 and β0/β0 clones were treated/differentiated with DMSO (mock) or 30 μM 

hydroxyurea.  

(a) Increase in γ-globin expression.  

(b) Higher %F-cells.  

(c) Increased %HbF and HbA2 and decreased %α-aggregate in β0/β0 clones.  

(d) β0/β0 clone was treated with potential reducers of toxic free α-globin: 20 μM Rapamycin and 

40 μM IOX1 (histone demethylase inhibitor). 

The effects of alpha globin reducing drugs in β0-HUDEP2 clones  

In β-thalassemia disorders, the unbalanced globin synthesis and excess of unpaired 

α-globin chains that precipitate within erythroid precursors lead to membrane 

toxicity and hemolysis. RBC destruction and inefficient erythropoiesis result in 

severe anemia and iron overload [1,16]. Reducing α-globin expression by 25% to 

50% in patients with β-thalassemia can be clinically beneficial to patients with β-
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thalassemia. Various strategies for downregulation of alpha-globin expression have 

been explored including RNA interference, genome editing and pharmacologic 

methods. β+ IVS1 HUDEP2 were differentiated without drugs for 3 days and treated 

with 20uM rapamycin for 3 days in differentiation phase before harvest. Native 

PAGE image and quantification showing clearance of α aggregates with rapamycin 

treatment in two individual β+ HUDEP2 IVS1 clones (Figure 73). 

 

Figure 73. The effects of alpha globin reducing drugs in β-HUDEP2  

b+ HUDEP2 were differentiated without drugs for 3 days and treated with 20uM rapamycin for 3 

days in differentiation phase before harvest.  

(A,B) Native PAGE image and quantification showing clearance of alpha aggregates in b+ 

HUDEP2 with Rapamycin treatment in two individual IVS1 clones 

4.2.5. Mechanism-based sickle cell therapeutics targeting 

ADORA2B or SPHK1 

Previous studies have demonstrated the role of adenosine signaling in SCD 

suggesting that modulation of this pathway holds promise as novel mechanism-

based sickle cell therapeutics. Adenosine signaling via Adenosine A2b Receptor 
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(ADORA2B) receptor induces Sphingosine Kinase 1 (SPHK1) activity which 

exacerbates sickling and SCD progression by inducing erythrocyte glycolysis and 

oxygen release (Figure 74) [39]. Inhibition of the adenosine signaling pathway by 

ADORA2B antagonist or SPHK1 inhibitor or genetic deletion of ADORA2B or SPHK1 

reduced sickling, hemolysis and inflammation in Berkley SCD transgenic mice [39]. 

Given these findings, we hypothesize that gene disruption of ADORA2B or SPHK1 in 

S-HUDEP2 or sickle HSPCs will alleviate hypoxia-induced sickling in differentiated 

erythrocytes. We will use these in vitro systems to evaluate the potential of 

mechanism-based sickle cell therapeutics targeting ADORA2B or SPHK1 in 

erythrocyte-specific manner. 
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Figure 74. Hypoxia mediated adenosine signaling induces sickling 

In hypoxic condition, elevated adenosine activates ADORA2B adenosine receptors on 

erythrocytes, thereby inducing Sphingosine Kinase 1 (SPHK1) activity and increasing 

intracellular 2,3-bisphosphoglycerate (2,3-BPG), an allosteric regulator of Hb that reduces 

oxygen-binding affinity, which exacerbates sickling and SCD progression by inducing 

erythrocyte glycolysis and oxygen release. 

ADORA2B and SPHK1 gRNA screening 

The following design strategies were used to achieve high-efficiency gene 

disruption: (1) target PAM sites at 5‘ end of the gene to induce frame shift mutation 

or premature stop codon, (2) target PAM sites coding key functional domains to 

inactivate protein function and (3) target common sequence motifs shared between 

alternately spliced transcript variants. CRISPR Search with Mismatches, Insertions 
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and/or Deletions (COSMID) [132]was used to search the target database (hg38) for 

potential off-target sites. The human SPHK1 (Figure 75A) and A2B (Figure 76A) 

CRISPR gRNAs shown below were designed in order to efficiently target the target 

loci with minimal risk of off-target Cas9 binding elsewhere in the genome. Designed 

gRNAs were cloned into pX330 and delivered to 293T by transfection. Indel 

frequency was measured by TIDE assay (Figure 75B, Figure 76B). HiFi Spy Cas9 and 

SPHK1 or ADORA2B gRNA with high activities were delivered into S-HUDEP2 to 

introduce the gene disruption (Figure 77a, c). Genotypes of S-HUDEP2 SPHK1 KO or 

ADORA2B KO clones were sequence confirmed to determine exact type of the 

mutation (Figure 77b, d). Engineered S-HUDEP2 clones with SPHK1 or ADORA2B 

KO will be used to study the role of adenosine signaling in SCD pathogenesis. 
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Figure 75. gRNA Designs for SPHK1 Disruption 

(a) 11 gRNAs targeting SPHK1 designed to achieve high-efficient gene disruption 

(b) SPHK1 gRNAs were cloned into pX330 and delivered to 293T by transfection. Indel 

frequency was measured by TIDE assay. 
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Figure 76. gRNA designs and screening for ADORA2B disruption in 293T. 

(a) Design of 9 gRNAs targeting the transcription start site and 5‘ end of ADORA2B or the active 

sites of ADORA2B 

(b) ADORA2B gRNAs were cloned into pX330 and delivered to 293T by transfection. Indel 

frequency was measured by TIDE assay. 
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Figure 77. Generation of S-HUDEP2 clones with SPHK1 or ADORA2B KO mutations and 

confirmation of the genotype 

HiFi Spy Cas9 and SPHK1 or ADORA2B gRNAs were delivered in S-HUDEP2 to introduce the 

gene disruption.  

(a) SPHK1 indel profile in S-HUDEP2 generated by TIDE 

(b) Genotypes of sequence confirmed HUDEP2 SPHK1 KO clones 

(c) ADORA2B indel profile 

(d) Genotypes of sequence confirmed HUDEP2 ADORA2B KO clones 
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4.3. Discussions 

Currently there is a lack of therapeutic options for patients with SCD and β-

thalassemia. This is, for an important part, due to the lack of reliable, reproducible, 

and physiologically relevant models which novel therapeutic strategies may be 

screened and validated. So far, there is no consistent in vitro system to test gene 

therapies and pharmacological molecules; whole patient blood or purified CD34+ 

HSPCs are most often used but subject to clinical variability and limited supply. 

Human Umbilical Cord Derived Erythroid Progenitor 2 cells (HUDEP2) are an 

immortalized CD34+ hematopoietic stem cell derived erythroid precursor cell line 

that can differentiate into red blood cells. In this aim, we used CRISPR/Cas9 to 

engineer sickle and/or β-thalassemia HUDEP2 cell models. We established protocols 

for efficient clonal expansion and genotyping for generating HUDEP2 clonal cell line. 

We established cell models exhibiting disease phenotypes after in vitro erythroid 

differentiation and demonstrated that disease HUDEP2 models can be used to 

evaluate various CRISPR/Cas9-based strategies for therapeutic HbF induction or 

gene replacement as well as pharmacological drugs. We have shared our cell models 

with labs in U.S. and abroad to streamline therapeutic discovery for β-hemoglobin 

disorders. Our in-vitro experimental system will aid efficient screening of novel 

therapies to treat β-hemoglobinopathies. 

4.4. Future Directions 
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In the future, we will further optimize and translate the targeted integration 

strategy to introduce anti-sickling HBB cNDA in β-thalassemia patient HSPCs. Our 

targeted integration strategy can also be easily adopted for fluorescent tagging of an 

endogenous gene or targeted insertion of selection markers providing an efficient 

tool for quantifying genome-editing efficiency and the enrichment of edited cells. 

We will establish S-HUDEP2 with EGFP expressed under the HBG promoter to 

develop a cell model to measure the activity of HBG promoter linked to a EGFP 

Reporter. After R-66SCD RNP treatment, large deletion profiles will be studied in 

sorted EGFP- and EGFP+ cell populations to future explore HbF induction described 

in Figure 37 and Figure 38. We will be able to identify 5’ and 3’ breakpoint of 

deletions at HBB that induce HBG expression. We will identify and quantify 

potentially detrimental deletion mutations that induce β-thalassemia and protective 

large deletions that induce HBG, which could be beneficial. In addition, our cell 

model can be used to study globin locus regulation and explore new therapeutic 

targets. 

4.5. Materials and Methods 

Cell culture media 

HUDEP2 cells were maintained with StemSpan SFEM medium (Stem Cell 

Technologies) supplemented with hSCF (50 ng/ml, Sigma, GF021), erythropoietin (3 

IU/ml, Sigma, H5166), dexamethasone (10‐6 M, Sigma) and doxycycline (1 μg/ml, 

Sigma). To induce differentiation, medium was replaced with IMDM (Life 
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Technologies) supplemented with 1% L‐glutamine (Life Technologies), 2% 

penicillin‐streptomycin (Life Technologies), holo‐human transferrin (330 μg/ml, 

Sigma), heparin (2 IU/ml, Stem Cell Technologies, 07980), recombinant human 

insulin (10 μg/ml, Sigma, 11061‐69‐0), erythropoietin (3 IU/ml, Sigma) and 5% 

human plasma (Innovative Research, IPLA‐N). In differentiation culture, cells were 

cultured for 5 days in the presence of dox and cultured for 2 more days without dox. 

 

RNP and ssODN delivery using electroporation 

Using nucleofection, we delivered High Fidelity (HiFi) Streptococcus pyogenes (Spy) 

Cas9 protein complexed with R‐66 guide RNA (gRNA) [1] as a ribonucleoprotein 

(RNP) in conjunction with a single‐stranded DNA donor (ssODN) template to 

introduce the sickle mutation in HBB of HUDEP2 cells (Figure 47A). The SCD ssODN 

is symmetric with respect to the R‐66 cut site and complementary to the gRNA non‐

target strand (Figure 47A). A total of 2 × 105 WT HUDEP‐2 cells (program DO‐100, 

solution P3) were electroporated on a Lonza Nucleofector 4‐D according to 

manufacturer’s instructions. 5 μg (30.5 pmol) of HiFi Cas9 protein (Integrated DNA 

Technologies), 2.5 μg (73 pmol) of chemically synthesized gRNAs (Synthego) and 

100 pmol of ssODN were delivered. HiFi SpyCas9 was used to prevent recutting of 

the gene modified allele and minimize off‐target activity [131].  

 

Quantification of on-target editing 

To quantify the gene editing outcomes, DNA flanking the gRNA target site was 

amplified using locus‐specific primers followed by a second PCR to introduce 
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Illumina sequencing adaptors and sample barcodes and sequenced on the Illumina 

MiSeq. Deep‐sequencing results of the HBB locus were analyzed by CRISPResso 

[151] (Figure 47B). With 35.39% HDR rate in the starting culture, 12.5% 

homozygous SCD clones were expected according to the Hardy–Weinberg principle. 

Edited HUDEP2 cells were single‐cell sorted into multiple 96‐well plates and 

cultured in expansion media.  

 

Clonal genotyping 

The clonal genotype was screened using probe‐based droplet digital PCR (ddPCR) 

assay (Figure 47C). Thousands of cells from each clone were resuspended in 10 μl of 

QuickExtract DNA extraction solution (Epicentre), genomic DNA was harvested 

following the manufacturer’s recommendations and 1 μl of lysate was used for 

ddPCR assay. The probe‐based ddPCR assay consists of a primer pair and three 

probes, a HEX reference (REF) probe binding distant from the target site but still 

within the amplicon and a FAM SCD probe binding to modified sickle alleles (GtG). 

Droplets containing signals from both REF and SCD probes represent sickle alleles 

and droplets containing only REF probe signal represent WT or NHEJ allele. 

Homozygous SCD clones with the same number of HEX and FAM events were 

expanded and subjected to further analysis.  

It has been reported that DNA double‐strand breaks induced by CRISPR‐Cas9 

can lead to large deletions and complex rearrangements [134] as well as 

chromosomal truncations and elimination. Heterozygous HbS clones with a large 

deletion or chromosomal rearrangement on one allele would be identified as false‐
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positive SCD homozygotes in probe‐based ddPCR assay due to the loss of primer 

binding sites. Therefore, we filtered out false‐positive homozygotes by checking copy 

number of HBB relative to other genes on chr11 (BDNF) and chr12 (CACNA1C) using 

EvaGreen‐based ddPCR assay. Sanger sequencing of PCR amplicon confirmed the 

SCD genotype (Figure 47D).  

 

Phenotype analysis: sickle hemoglobin production 

Engineered S‐HUDEP2 clones were differentiated for 7 days and subjected to 

hemoglobin Native PAGE according to the previous protocol [29]. S‐HUDEP2 clones 

with exclusive HbS production and absence of HbF (C1‐4) were used for anti‐sickling 

assays 
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Chapter 5 

Conclusions 

β-hemoglobinopathies including sickle cell disease (SCD) and β-thalassemia are 

debilitating, painful diseases and a major cause of global mortality and health 

disparities. Currently, there is a lack of therapeutic options for patients. A novel 

approach to treating β-hemoglobinopathies involves the use of ex vivo genome editing 

of patients’ hematopoietic stem and progenitor cells (HSPCs) and subsequent 

engraftment of corrected cells to replace diseased cells. There are several gene editing 

strategies, including curative correction of the sickle mutation or gene edition of the 

functional β-globin gene, or therapeutic induction of fetal hemoglobin.  

In Aim 1, we demonstrate the use of CRISPR/Cas9 and a short single-stranded 

oligonucleotide template to correct the sickle mutation in the β-globin gene (HBB) in 

HSPCs from peripheral blood or bone marrow of patients with SCD, with 24.5 ± 7.6% 

efficiency without selection. Erythrocytes derived from gene-edited cells showed a 
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marked reduction of sickle cells, with the level of normal hemoglobin (HbA) increased 

to 25.3 ± 13.9%. Gene-corrected SCD HSPCs retained the ability to engraft when 

transplanted into non-obese diabetic (NOD)-SCID-gamma (NSG) mice with detectable 

levels of gene correction 16–19 weeks post-transplantation. We show that, by using 

a high-fidelity SpyCas9 that maintained the same level of on-target gene modification, 

the off-target effects including chromosomal rearrangements were significantly 

reduced. Taken together, our results demonstrate efficient gene correction of the 

sickle mutation in both peripheral blood and bone marrow-derived SCD HSPCs, a 

significant reduction in sickling of red blood cells, engraftment of gene-edited SCD 

HSPCs in vivo and the importance of reducing off-target effects.  

In Aim 2, we developed two novel next-generation sequencing-based assays 

and a dual reporter cell model to investigate the comprehensive CRISPR/Cas9 

genome editing outcome and the potential consequences of unexpected mutations. 

LongAmp-seq (long-range PCR amplification based sequencing) can quantify small 

INDELs as well as large INDELs and local complex rearrangement at the cut-site. 

NEW-seq (nuclease-activity identified by gEnome-wide sequencing) can identify 

large gross chromosomal translocations between DSBs as well as asymmetric large 

deletions and insertions at the cut-site. We showed the utility of a dual reporter cell 

model in reporting Cas9 induced large deletion profile by loss of GFP or BFP signals. 

We found significant unintended consequences including large deletions, insertions, 

and complex rearrangement with CRISPR/Cas9 gene editing strategies targeting 

HBB, gamma-globin gene (HBG), and B-cell lymphoma/leukemia 11A (BCL11A) in 
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patient HSPCs. We also showed that the current assessments using short-read deep 

sequencing miss a substantial proportion of Cas9-induced mutations resulting in 

significant genotype miscalls, some of which may have pathogenic consequences in 

the HSPCs.  

To aid the development of new therapies for β-hemoglobinopathies, in Aim 3, 

we applied genome editing to establish erythroid cell models for SCD and β-

thalassemia using Human Umbilical Cord Derived Erythroid Progenitor 2 cells 

(HUDEP2). HUDEP2 are an immortalized CD34+ hematopoietic stem cell derived 

erythroid precursor cell line that can differentiate into red blood cells. We 

demonstrated that SCD and β-thalassemia HUDEP2 models exhibit disease phenotype 

upon in vitro erythroid differentiation. These cell models are reliable, reproducible 

and low-cost in performing disease studies, including validation of genome editing 

based therapies and screening of pharmacological drugs.  

Taken together, the systematic studies of the efficiency and safety of the gene-

editing approaches, and the cell models developed for discovery of therapeutic agents 

may significantly facilitate the clinical translation of gene editing based therapies for 

β-hemoglobinopathies. 
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APPENDIX A 

Supplementary Information 

ssODN Sequence 

SCDunt0 TAACCTTGATACCAACCTGCCCAGGGCCTCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACTGCA
GACTTCTCCaCAGGAGTCAGATGCACCATGGTGTCTGTTTG 

SCDcnt1 TCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCgGACTTCTCCaCAGGAGTCAGATGCACCAT
GGTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGA 

SCDcnt2 TCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACtGCgGACTTCTCCaCAGGAGTCAGATGCACCAT
GGTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGA 

SCDcnt3 TCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCActCTTCTCCaCAGGAGTCAGATGCACCAT
GGTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGA 

SCDcnt4 TCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACtGCActCTTCTCCaCAGGAGTCAGATGCACCATG
GTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGA 

SCDcnt5 TCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCAGACTTCTCaaCAGGAGTCAGATGCACCAT
GGTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGA 

SCDcnt7 TCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACtGCgGACTTCTCaaCAGGAGTCAGATGCACCAT
GGTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGA 

SCDcnt8 TCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACtGCActCTTCTCaaCAGGAGTCAGATGCACCATG
GTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGA 

SCDcnt6 TCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCgGACTTCTCaaCAGGAGTCAGATGCACCAT
GGTGTCTGTTTGAGGTTGCTAGTGAACACAGTTGTGTCAGA 

SCDct6 TCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGttGAGAAGTCTGCCGTTACT
GCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGA 

SCDunt6 CTTGTAACCTTGATACCAACCTGCCCAGGGCCTCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAAC
GGCGGACTTCTCaaCAGGAGTCAGATGCACCATGGTGTCTGTTTGAGG 

SCDut6 CCTCAAACAGACACCATGGTGCATCTGACTCCTGttGAGAAGTCCGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGG
ATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAG 

SCDdnt6 CACCTTGCCCCACAGGGCAGTAACGGCGGACTTCTCaaCAGGAGTCAGATGCACCATGGTGTCTGTTTGAGGTTGCTAG
TGAACACAGTTGTGTCAGAAGCAAATGTAAGCAATAGATGGCTCTGCC 

SCDdt6 GGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCAT
CTGACTCCTGttGAGAAGTCCGCCGTTACTGCCCTGTGGGGCAAGGTG 

SCDc5-
wt 

TCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGaaGAGAAGTCCGCCGTTAC
TGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGA 

Table 2. Single-strand oligonucleotide (ssODN) donor sequences 
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Table 3. COSMID identified off-target sites 
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Table 4. Genome-wide off-target sites for gRNAs targeting SCD HBB sequences 

Sites were identified using GUIDE-seq in U2OS cells. For each off-target site, a matched base is 

represented by “.” while the mismatched base is shown. 

 

Table 5. PCR primer and probe sequences 

COSMID GUIDE-Seq Sequence Read# Closest Gene Distance (kb) Feature hg19 

 R66SCD_ON GS_01  GTAACGGCAGACTTCTCCACNGG 837 HBB n/a Exon Chr11:5248214-5248236 

 R66SCD-OT18 GS_02  C....A......C.......... 249 OR5AN1 5.44 Intergenic Chr11:59137372-59137394 

 R66SCD-OT1 GS_03  A...G.C................ 65 ITGA9 n/a Intron Chr3:37684843-37684865 

 R66SCD-OT12 GS_04  .C.G......T............ 44 HECTD4 n/a Exon Chr12:112746620-112746642 

 R66SCD-OT10 GS_05  A....AA..C............. 11 FAHD2B 645.233 Intergenic Chr2:97104090-97104112 

 R66SCD-OT9 GS_06  TGTCA.................. 7 LINC01376 165.127 Intergenic Chr2:19391853-19391875 
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Table 6. Primer and probe sequences for Aim2 studies 

 

 

 

 

 

PCR primers Target Assay Amplicon size (bp) Sequences
HBB_NGS_F TCT ACA GTC CGA CGA TCA CCC AAG AGT CTT CTC TGT CTC C
HBB_NGS_R GAC GTG TGC TCT TCC GAT CGT TGG CCA ATC TAC TCC CAG G

OT18_NGS_F TCT ACA GTC CGA CGA TCAGTCCCTCAACATTTGCTTATCTGAGAAGGATT

OT18_NGS_R GAC GTG TGC TCT TCC GAT CCCTTGCTAGAGAGGACAACAGTCA

HBG_NGS_F TCT ACA GTC CGA CGA TCA TCG GAA CAA GGC AAA GGC T

HBG_NGS_R GAC GTG TGC TCT TCC GAT CAG ACG TTC CAG AAG CGA GTG

BCL11A_NGS_F TCT ACA GTC CGA CGA TCG CTG ATT CCA GTG CAA AGT CC

BCL11A_NGS_R GAC GTG TGC TCT TCC GAT CCA CCA AGA GAG CCT TCC GAA

HBB_long_F AGTGGGGCTGGAATAAAAGTAGAAT

HBB_long_R TTTTTCCTTTTGTTGCCTTTGCTTC

OT18_long_F ATG TGG AGT CTT GGC AGA GC

OT18_long_R CCA CTA AGC CAT GTG CAG GA

HBG1_long_F ACG GCA TCT GGC TTT TCT CA

HBG1_long_R GCG TGA AAA GCA ATT GCA GC

HBG_10kb_F GGT TCC CCA GTG AGG ATG TG

HBG_10kb_R CCC CAG GTC TTC ACT GAA CC

BCL11A_long_F TCA ATT CAG GAG CGG CAG TT

BCL11A_long_R GTT GCC ATG TGG GTT GTG AC

HBB_211bp_F HBB GCAGAGCCATCTATTGCTTACA

HBB_211bp_R HBB CTCCACATGCCCAGTTTCTATT

CACNA1C_ref_F REF CTCTCCTATAGCTGCATGCACACCC

CACNA1C_ref_R REF GAGAGTGCCTGGTCTTTACTGCAGG

HBB_bf76bp_F HBB GTACGGCTGTCATCACTTAGAC

HBB_bf76bp_R HBB ATAGATGGCTCTGCCCTGA

HBB_bf76bp_probe HBB AATCTACTCCCAGGAGCAGGGAGG

HBB_af90_F HBB GACAGGTTTAAGGAGACCAATAGA

HBB_af90_R HBB TAGACCAATAGGCAGAGAGAGT

HBB_af90_probe HBB AACTGGGCATGTGGAGACAGAGAA

HBG_ddPCR_F2 HBG GCC CCT TCC CCA CAC TAT CT

HBG_ddPCR_R2 HBG AGA CGT TCC AGA AGC GAG TG

GFPBFP inout_F3 GCCAGGCATCTTGAGGTTCT

GFPBFP inout_R3 CCACCTCCCCCAGAGTCTTA

225

ddPCR

ddPCR

10,339

4268

GFPBFP

211

124

96

HBG1&2 LongAmp-Seq

9423

BCL11A

293

LongAmp-Seq

ddPCR

ddPCR

LongAmp-Seq

ddPCR

HBB 300

R66S OT18 300

HBG 300

NGS

NGS

NGS

BCL11A 300

HBB

R66S OT18

HBG1

5490

5046

6718

NGS

LongAmp-Seq

LongAmp-Seq

LongAmp-Seq
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Therapeutic 

agent 

Properties Comments 

Anti-sickling agents 

GBT-440 

(voxelotor) 
Covalently binds to amino 

terminus of Hb α-chain, 

stabilizing HbS in the oxy- Hb 

conformation [180] 

phase III 

multicentre study is 

ongoing 

Sphingosine 

kinase 1 

(SPHK1) 

inhibitor 

Inhibits sphingosine kinase 1-

mediated elevation of 

sphingosine-1-phosphate, 

which contributes to sickling 

Reduced sickling, 

haemolysis and 

inflammation in sickle 

mice [39] 

VZH-039 Binds to Hb in a transiently 

covalently manner, increasing Hb 

affinity for oxygen 

In vitro studies showed 

inhibition of sickling in 

hypoxic conditions [184] 

Triazole 

sulfide 

Allosteric effector of Hb–O2 

affinity, stabilizing Hb in the 

relaxed state 

Decreased RBC 

sickling in vitro [185] 

HbF inducers 

Hydroxyurea only FDA-approved HbF inducing 
agent 

Ineffective in over half 

of patients [158] 

Metformin Induction of FOXO3 [99] A pilot study in patients 

with SCD is being 

conducted 

Piceatannol Activator of OXO3-AMPK-AKT 

pathway [183] 

Raised HbF in SCD 

patient derived 

HSPCs in vitro 

[186] 

Decitabine DNA methyltransferase 1 inhibitor Raised HbF 4-9% when 

given with 

tetrahydrouridine in a 

phase I trial [187] 
Pomalidomide Reprogrammes erythropoiesis to 

fetal pattern, lowering 

expression of BCL11A and SOX6 

(repressors of gamma globin) 

Increases HbF in 

myeloma patients 

[188]; a phase I study 

in SCD completed 

https://www.nature.com/articles/s41573-018-0003-2#ref-CR76
https://www.nature.com/articles/s41573-018-0003-2#ref-CR76
https://www.nature.com/articles/s41573-018-0003-2#ref-CR76
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Table 7. Anti-sickling agent and HbF inducers 

[189] Adapted from ―Therapeutic strategies for sickle cell disease: towards a multi-agent 

approach‖, by M. Telen et al, 2019, Nature Review Drug Discovery, 18 (139–158) 
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