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Abstract

Many avenues exist for human pluripotent stem cells (hPSCs) to impact medical care, but they 

may have their greatest impact on the development of precision medicine. Recent advances in 

genome editing and stem cell technology have enabled construction of clinically-relevant, 

genotype-specific “disease-in-a-dish” models. In this review, we outline the use of genome-edited 

hPSCs in precision disease modeling and drug screening as well as describe methodological 

advances in scarless genome editing. Scarless genome-editing approaches are attractive for 

genotype-specific disease modeling as only the intended DNA base-pair edits are incorporated 

without additional genomic modification. Emerging evidentiary standards for drug development 

and approval of precision therapies are likely to incorporate more studies utilizing disease models 

derived from genome-edited hPSCs.

Teaser

Clinically-relevant; genotype-specific “disease-in-a-dish” models represent a path forward for 
precision medicine

1. Introduction

Improving pre-clinical disease models to more faithfully predict clinical effectiveness and 

identify toxicity is anticipated to lower the current 90% clinical trial failure rate [1]. This is 

especially important in the context of precision medicine, because disease models need to 

be tailored to specific biomarkers or genetic variations. Human pluripotent stem cell 

(hPSC) based disease models are good candidates to meet this challenge, since they can be 

tailored through genome editing for the rigorous evaluation of genotype-to-disease 

phenotype relationships in biologically relevant human cells.
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Human induced pluripotent stem cells (hiPSCs) are reprogrammed from routine clinical 

samples (e.g., blood draws, skin biopsies) and can be reliably expanded in culture [2,3]. 

Importantly, hiPSCs retain their patient specific genotype throughout the reprogramming 

process. This feature enables hiPSCs to be differentiated towards disease affected cell types 

in order to recapitulate a patient’s disease phenotype [4] and to evaluate patient-specific 

therapeutic response in a controlled cell culture environment [5] (Figure 1A). Stem cell-

derived disease models are most applicable for modeling diseases with quantifiable cell 

autonomous disease phenotypes observed in well-defined cells. With continued 

advancement of cell differentiation protocols, the “disease-in-a-dish” paradigm has been 

applied to an array of neurodegenerative, cardiovascular, and other diseases [6].

As the process of reprogramming cells has become more efficient, bio-banks of hiPSC 

cohorts that are disease specific or representative of the general population have been created 

to conduct so called “clinical trials in a dish” (Figure 1B) (reviewed by [7]). A recent study 

by Burridge and colleagues [8] revealed that hiPSC derived cardiomyocytes faithfully 

recapitulated doxyrubicin induced cardiotoxicity phenotypes in breast cancer patients with 

or without cardiotoxicity after doxyrubicin treatment. Patient derived hiPSC approaches like 

this are well suited to diseases with multigenic or complex inheritance patterns.

Initial disease models utilized hiPSCs from unaffected siblings to ensure that observed 

cellular phenotypes were disease specific (Figure 1A, top). However, unaffected siblings are 

incomplete controls—sibling pairs have roughly 50% shared parental inheritance due to 

chromosomal segregation and crossover in meiosis. To validate disease-associated variants, 

the field has utilized genome editing techniques to correct patient mutations to wildtype 

variants (Figure 1A, bottom). These patient-derived, gene-corrected pairs of cells differ only 

at the edited locus and are referred to as isogenic cell lines. Isogenic cell lines can be used to 

model patient specific disease mechanisms [9] and identify personalized therapy [10]. 

However, the resources required to implement this analysis broadly are prohibitive. To 

efficiently realize value from precision medicine, methodologies that can predict universal 

disease variant to treatment outcome correlations should be prioritized.

A more scalable genome-edited disease modeling approach involves introduction of disease 

specific mutations into well-characterized healthy hPSC lines with known genetic 

background (Figure 1C). Using this approach, an array of unique disease-associated variants 

can be rationally engineered into the hPSCs. This eliminates the need to acquire hiPSCs 

from patients with rare variants where the ability to perform a new screen for each individual 

is not feasible. Instead gene-variant targeted therapies can be screened in advance. Wang et 

al. demonstrated the value of this approach by introducing disease associated variants of 

Barth syndrome in normal or unaffected iPSCs [11]. For diseases with primarily monogenic 

inheritance, this technique enables validation of the causality of disease associated variants 

and high-throughput screening of genotype-specific therapies.

In this review, we detail methods for scarless, or knock-in/footprint free, precision genome 

editing of hPSCs. Scarless methods are named to distinguish them from “genetic scarring” 

methods that permanently integrate additional sequences into the genome that may impact 
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precise disease phenotypes in undefined ways [12,13]. We end with a forecast of how 

genome-edited hPSC derived models could integrate into precision drug development.

2. Precision Genome Editing with CRISPR

CRISPR has emerged as the workhorse of the genome editing field. The most common 

variant employs a CRISPR associated endonuclease, Cas9, and a short, single-guide RNA 

(sgRNA) to enable targeted double strand breaks (DSBs) in genomic DNA [14,15] (Figure 

2). DSBs are primarily repaired via non-homologous end joining (NHEJ) and homology 
directed repair (HDR). NHEJ requires no template for repair and results in a wide spectrum 

of insertion and deletion (indel) mutations. These mutations often result in loss of gene 

function, but effects of undefined gene products may confound disease modeling in 

unanticipated ways [16]. Conversely, HDR requires a repair template (usually the 

homologous chromosome) which is used for error-free repair in eukaryotic cells [17].

Delivering synthetic “donor” DNA, along with the CRISPR/Cas9 system, can co-opt the 

cell’s intrinsic HDR machinery for introduction or correction of mutations, or introduction 

of synthetic genes [18,19]. Unfortunately, the overall efficiency of HDR is low (<10%) in 

hPSCs, so integrated drug selection cassettes were initially used to improve the efficiency of 

identifying edited clones [20]. However, a portion of the cassette sequence often remains 

integrated which may impact mRNA processing and/or protein translation in undefined ways 

[12,13]. While there are clear advantages of scarless genome-editing for precision hPSC 

disease modeling, a major limitation has been the low overall efficiency of these methods. 

To address this challenge, the field had focused in several major areas (Figure 2, see also 

Table 1): increasing overall (NHEJ and HDR) genome editing (section 2.1), increasing ratio 

of HDR to NHEJ (section 2.2), and improving selection of genome-edited clones (section 

2.3).

2.1 Increasing Overall Genome Editing Efficiency

The level of intracellular Cas9 expression appears to represent a universal limiting step in 

genome editing [21–23]. Improvements to Cas9 delivery, or enrichment of cells with high 

Cas9 expression, have yielded improved editing outcomes. Cas9 can be stably integrated 

into a parental cell line or can be transiently delivered to cells during each new editing 

workflow. Generating a parental cell line with conditional or inducible Cas9 expression 

[22,24–27] has been shown to yield NHEJ efficiencies of up to 60% and precise HDR 

efficiencies up to 40%. The limitation of these methods is that the Cas9 construct is either 

permanently integrated [24,25] or must be later removed with a subsequent reagent delivery 

and/or clonal selection step [22,26] to achieve scarless editing. These methods are valuable 

when a single parental cell line will be used to generate many unique genotype specific cell 

lines.

Conversely, transient delivery of Cas9 is more applicable when a variety of cell lines must be 

edited (e.g., creating isogenic controls for bio-banked hiPSCs [7]), where prior generation of 

many stable lines would be too cumbersome. Cas9 can be delivered as a recombinant protein 

pre-complexed with sgRNA or encoded as mRNA or within a plasmid. Plasmid reagents 

have been used most extensively for hiPSC disease modeling applications, because co-
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expression of selectable markers from the plasmid can be used to enrich for Cas9 expressing 

cells. Plasmids that encode a viral 2A “ribosomal skip” peptide can be used to express GFP 

or a puromycin resistance gene in stoichiometric proportion to Cas9 [28–30]. These 

plasmids enable enrichment of Cas9 expressing cells based on fluorescence assisted cell 

sorting (FACS) or puromycin selection. Single cell FACS can be challenging in hPSCs 

because of contamination risks and the variable sensitivity of hPSC lines to singularization 

[31]. In cell lines recalcitrant to FACS, transient puromycin selection serves as viable 

alternative [30].

Importantly, extended exposure to high levels of Cas9—as expected in stable expression 

lines or stringent enrichment methods—has been shown to increase the probability of off-

target DSB formation. Off-target DSBs are an important consideration, as undefined indels 

throughout the genome can confound phenotypic outputs of disease models. Fortunately, 

sgRNA design algorithms [32,33], high fidelity [34,35], and nickase [36] Cas9 variants have 

been shown to decrease off-target editing, in some cases, at the expense of some on-target 

efficacy.

2.2 Improving Ratio of HDR to NHEJ

In hPSCs, imprecise NHEJ is heavily favored over HDR during repair of Cas9 induced 

DSBs. Improving the HDR to NHEJ ratio improves the efficiency of precise editing 

workflows and has been accomplished by harnessing or manipulating intrinsic DSB repair 

processes. Delivering Cas9 protein only during the S and G2 phase of the cell cycle, when 

HDR pathways are most active, was shown to increase HDR efficiency; however, the 

parameters for cell cycle control varied considerably from cell line to cell line [37]. A 

related approach conjugates a peptide to Cas9 which targets Cas9 for selective degradation 

during the G1 phase of the cell cycle, when NHEJ predominates [38]. More recently, 

enrichment for cells that are presumably in an HDR biased state was performed by co-

inserting a drug selectable marker at a secondary safe harbor locus [39,40]. Co-insertion 

methods appear to be more effective than direct manipulation of the cell cycle, but they 

require generation of DSBs at additional genomic loci and can result in permanent 

integration of the selection cassette. Identification of small molecule or other targeted factors 

that inhibit NHEJ or promote HDR has also demonstrated increased HDR/NHEJ editing 

ratios in several reports [16,41–43]. However, it is not clear if these factors are tolerated or 

are universally effective across hPSC lines [27,41].

Other efforts have focused on optimizing donor DNA construction and improving its co-

localization with the nuclease to stimulate HDR. Early work demonstrated that optimal 

single-stranded oligonucleotide (ssODN) donor length is approximately 70–120 nt, and that 

changes encoded in the donor DNA are more likely to be integrated when the changes are 

near the DSB site [31]. Work by Richardson and colleagues demonstrated that sidedness of 

the DNA strand used as the ssODN template and asymmetric lengths of homology arms can 

be used to increase HDR efficiency [44]. Later reports reinforce the value of asymmetric 

homology arms, but did not see improvements by selecting the template strand [27]. 

Prevention of ssODN degradation with the use of phosphorothioate-modified 
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oligonucleotides has also been shown to enhance HDR efficiency in cultured cells, 

presumably by stabilizing the ssODN within cells and during delivery [45].

2.3 Improving Selection of Genome-Edited Clones

A major obstacle for isolating precisely genome-edited clones is identifying them from a 

mixed population. Many workflows utilize high-throughput or deep sequencing library 

preparation methods to sequence many unique clones in parallel on a single lane [46]. Non-

deep sequencing techniques include digital droplet PCR (ddPCR) [47,48] and fluorescent 

gel capillary based methods [49,50]. These methods require working with a high number of 

clonal cell lines—typically over a hundred— but they can be combined with methods that 

increase editing efficiency or HDR/NHEJ ratios to improve workflows [51]. Recently, 

PiggyBac transposon [52,53] methods have been used to integrate selectable markers that 

can be used to enrich for precisely-edited hPSCs before being completely removed to yield 

scarless editing. These methods are efficient for selecting precisely edited clones, but the 

requirement for temporary introduction of a selection cassette transiently disrupts 

endogenous gene expression, which prevents their use in essential genes or those involved in 

maintenance of pluripotency.

A major hurdle for precise editing of clones has been isolating clones without additional on-

target indels. This is especially challenging when heterozygous mutant lines (on allele 

mutated, the other allele unedited/WT) are desired. One solution, presented by Paquet and 

colleagues [54], involves a two-step process where both the intended mutation and a 

blocking mutation are made with the first ssODN repair. The blocking mutation prevents re-

cutting of the repaired template and can be removed by a subsequent editing step using a 

newly designed sgRNA, or the same sgRNA with a Cas variant with different PAM 

specificity. This method requires repeated editing steps, but may be necessary for generation 

of precise heterozygous mutants.

3. Outlook

The development of more representative disease models and genome editing methods with 

higher throughput and efficiency could advance these models further. First, organoid and 

engineered co-culture technologies [55] could recapitulate tissue/organ function more 

faithfully than 2D cultures. For example, Dekkers and colleagues found that drug treatment 

response of cystic fibrosis (CF) patient-derived gut organoids mimicked the response of 

different patients with those same mutations in an in-human CF clinical trial [56]. Second, 

high-throughput genome editing methods, including genome-wide loss of function screens, 

primarily rely on imprecise NHEJ-mediated DNA repair (reviewed in [57]). These 

techniques provide valuable high level data on gene function, but are primarily limited to 

survival or cell death phenotypes. Further, most employ non-hPSC cell lines to ensure 

technical viability (as these tend to have higher gene-editing efficiency) at the expense of 

biological relevance. Findlay and colleagues presented a strategy for high-throughput 

precision HDR mediated genome editing to determine the effect of precise gene variants on 

transcription level for the BRCA1 gene in immortalized HEK 293T cells [58]. Precision 

HDR within cancer cell lines also enabled target validation for several small molecules [59]. 
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Future improvements in scarless editing efficiency within hPSCs may enable such high-

throughput editing to be performed within stem cell derived models.

Investment in hPSC disease modeling strategies is contingent not only on technical 

advances, but also regulatory acceptance of these models. In the US, the FDA has signaled 

that cell based models may play an increasing role in future drug approvals, especially for 

rare diseases, by supplementing or even substituting for clinical trial data [60]. A dramatic 

example is the on label approval of the CF drug ivacaftor for twenty three additional CF 

mutations (ten originally) based on cell based assays alone [61]. Reliance on cell-based 

assays in lieu of clinical trial data will likely be limited to rare cases; tradeoffs in drug access 

and patient safety must also be carefully considered. More likely, genome-edited stem cell 

derived disease models will play a role in generating preclinical data for precision medicine 

trials. There is an immediate role in drug repurposing, where the therapeutic potential of 

approved compounds or those previously shown to be safe in Phase I trials could be 

screened in genotype-specific models. Consideration of smaller or modified clinical trials 

based on precisely edited hPSC-derived disease model data could incentivize therapeutic 

development for rare or biomarker specific subsets of common diseases. Given the recent 

advances in generating genome-edited disease models, it is highly likely that evidence from 

such models will be increasingly used in the drug discovery pipeline for precision therapies.
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Box 1

Key Terms

Precision medicine- disease prevention and treatment that considers differences in 

patient’s genes, environments, and lifestyles.

Biomarker-a genomic variant or phenotypic trait that is informative for predicting 

specific disease progression or treatment outcome.

Pluripotent-capable of giving rise to all cell types of the body.

Reprogram-the process of reverting mature somatic cells to a pluripotent or stem-like 

state. This can now be accomplished using non-integrating vectors.

Isogenic cell lines-cell lines whose genetic makeup only differs at a specific locus.

Scarless-a targeted genome modification where only the intended DNA base-pair edits 

are incorporated without permanent integration of additional DNA sequences.

CRISPR-short for clustered regularly interspaced short palindromic repeats.

Non-homologous end joining (NHEJ)-an error prone DNA repair process where double 

strand breaks are directly ligated, commonly resulting in insertion or deletion mutations.

Homology Directed Repair (HDR)-a precise DNA repair process in which cells repair 

double strand breaks in DNA by using a homologous DNA template (usually the 

homologous chromosome). This process can be co-opted to engineer-in specific 

sequences by delivering synthetic DNA donors with homology arms.
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Figure 1. Paradigms of stem cell disease modeling for therapeutic screening
(A) Patient-specific disease in a dish models. Unaffected siblings share only ~50% genetic 

inheritance with affected patients and the field has largely moved towards isogenic controls 

to validate phenotypic outputs (diseased vs. healthy). These screens are not generalizable 

(i.e., can only inform treatment for a specific patient) in isolation due to potentially 

confounding effects of background gene modifiers. (B) hiPSC cohort clinical trial in a dish 

(“macromedicine”). Cohorts of bio-banked iPSCs, with various disease associated variants/

biomarkers and various genetic backgrounds, are differentiated and cell line to phenotypic 
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recovery outcomes are identified for candidate drugs. Computational analysis is performed 

to identify externally valid (i.e. results can be used to inform treatment for patients not in 

cohort) drug specific variant/biomarker to phenotypic recovery correlations. Cohort 

approaches are ideal for diseases with complex inheritance and access to patient hiPSCs. (C) 

High-throughput, variant-specific therapeutic screening. Disease associated variants can be 

introduced into a healthy “parental control line” with scarless genome editing to create an 

array of isogenic cell lines. Direct assessment of variant/biomarker specific therapeutic 

response relationships can be observed with high-content screening (or other high-

throughput) assays. This approach is ideal for rare monogenic diseases where access to 

patient-specific hiPSCs is limited.
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Figure 2. Schematic of Cas9-induced DSB repair and focus areas for improving precision editing
Cas9 endonuclease is targeted to a specific locus in the human genome via a single guide 

RNA (sgRNA). Cas9 makes double strand breaks (DSBs) that are repaired via error prone 

non-homologous end joining (NHEJ) or precise homology directed repair (HDR). Scarless 

gene editing is facilitated by encoding desired edits on a plasmid or a double or single 

stranded linear donor DNA template (single stranded oligonucleotide DNA, “ssODN” 

shown here). NHEJ occurs more frequently than HDR in hPSCs. To facilitate increased 

precise and scarless HDR mediated genome editing, the field has focused primarily on: 1) 
increasing overall (NHEJ and HDR) genome editing, 2) increasing ratio of HDR to NHEJ, 

and 3) improving selection of genome-edited clones.
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Table 1
Summary of recent strategies for precision genome editing

Examples were selected based on relevance to scarless genome editing in hPSCs and are not exhaustive.

Method Advantages Disadvantages Examples

1. Approaches for improving overall genome editing efficiency

A. Increase Cas9 expression

Stable inducible Cas9 expression - Cas9 can be integrated into AAVS or 
other safe harbor loci under control of a Tet 
On promoter.
- High Efficiency NHEJ and HDR.

- Not scarless.
- Concern for higher probability of off-
target DSBs.
- Line must be generated before other 
editing.

[24,25]

Non-permanent constitutive or 
inducible Cas9 expression

- Cas9 expressed between piggyBac or on 
episomal plasmid.
- High efficiency and scarless after Cas9 
removed.

- Concern for higher probability of off-
target DSBs.
- Line must be generated before other 
editing.

[22,26]

Enrich for Transient Cas9 
Expression

- Plasmid vectors enable enrichment for 
cells with high Cas9 expression.
- Do not need to create Cas9 cell line 
before each experiment.

- Some concern for higher probability of 
off-target DSBs.
- Lower efficiency vs inducible stable 
Cas9.

[31,46]

2. Approaches for increasing HDR/NHEJ ratio

A. Cell cycle control

Controlled timing of Cas9
delivery

- Cell cycle checkpoint blockers are used 
to sync cells.
- Cas9 protein can be delivered to cells 
when synced in a pro-HDR state.

- Titration of checkpoint blockers is 
needed for each cell line.
- HDR Efficiency gains are only 1-2%.

[37]

Cell cycle selective degradation of 
Cas9

- Geminin peptide conjugated to Cas9 
causes Cas9 degradation in G1 (high 
NHEJ) phase of cell cycle.
- Can be transiently expressed from 
plasmid.

- Requires cloning of specialized Cas9 
vector (not commercially available).

[38]

B. Enrichment for HDR biased cells

Co-insertion of integrated 
selectable marker

- Integration of puromycin resistance gene 
at safe harbor locus in addition to the target 
edit.
- Selection for one HDR event is correlated 
with additional HDR events.

- Selectable marker must be removed for 
scarless editing.
- Additional Cas9 and sgRNA must be 
targeted to safe harbor site.
- Potential off-target DSBs.

[39,40]

C. Repair pathway modulation

Factors for inhibition of NHEJ or 
promotion of HDR

- Co-delivery of some small molecules or 
other factors (SCR7, L755507, etc.) shown 
to increase HDR/NHEJ ratio.

- Effectiveness varies from cell line to cell 
line.
- Toxicity of some factors reported in 
specific hPSC lines.

[16,41–43]

D. Improved design of donor DNA

Use of single stranded DNA 
donors (ssODN) vs. double 
stranded DNA

- Insertion of sequences up to ~30nt.
- ssODNs can be synthesized rapidly 
without cloning.
- ssDNA has less probability of off-target 
integration vs dsDNA donors.

- ssODNs incorporated via HDR, not 
efficient in post-mitotic cells.
- Not suitable for large constructs, 
synthesis of long ssODNs for synthetic 
gene insertion is only recently reported.

[62]

Use of asymmetric homology arms 
for ssODN

- ssODNs with one short arm (~30 nt) and 
one longer arm (~70 nt) have higher 
integration efficiency due to 5′-3′ 
exonuclease activity or strand release by 
Cas9.

- short ssDNA less stable than dsDNA 
(improve stability with phosphorothiorate 
bonds but increase cytotoxicity).

[27] [44]

3. Approaches for identifying precisely-edited clones from a mixed population

A. Deep sequencing/high-throughput sequencing (HTS) based
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Method Advantages Disadvantages Examples

HTS Library Preparation - Commercially available DNA barcoding 
library kits enable genotyping of 96 or 
more clonal populations on single HTS 
lane.

- Most HTS reads only 100-200 nt in 
length; possibility of incorrectly 
genotyping clones due to undetected large 
deletions.

[46]

B. Non-deep sequencing based

Digital droplet PCR - Identification of rare sequences in mixed 
population.
- Enables targeted subcloning to isolate 
precisely-edited clones.

- Requires specialized equipment.
- Primer used for detection of precise edit 
must be optimized for each locus.

[47,48]

Capillary electrophoresis of 
labeled amplicons

- Uses Sanger sequencing capillaries to 
identify indels and/or base changes.
- Can be less costly vs ddPCR or HTS.

- Difficult to detect rare edited alleles in a 
mixed population compared to HTS or 
ddPCR.

[49,50]

C. Scarless integration of selectable markers

piggyBac Transposon - piggyBac flanked sequences can be used 
to completely remove pos/neg (fluorophore 
+ puroΔtk) selection cassette.
- FACS can enable isolation of polyclonal 
precise edited populations

- Methods require a second treatment step 
to remove selection cassette.
- piggyBac repeat sequences may increase 
off-target integration; careful donor design 
is needed.

[52,53]

D. Prevention of additional on target edits

CORRECT Method - Integrate blocking mutation along with 
intended edit to prevent Cas9 re-cutting.
- Homozygous vs heterozygous insertion 
can be predicted by distance of intended 
edit from DSB site.

- Requires second editing step with new 
ssODN and sgRNA or new ssODN with 
modified PAM Cas9 variant for scarless 
editing.

[54]
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