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CRISPR-Cas9 is widely used to model genetic disorders by in-
troducing or correcting disease-associated mutations in in-
duced pluripotent stem cells (iPSCs) through homology-direc-
ted repair (HDR). However, HDR efficiency in iPSCs remains
low and is highly dependent on the target locus. Here, we
developed CRISPR-MiX, an improved protocol to enhance
HDR efficiency in human iPSCs. Using a GFP-to-BFP reporter
system, we identified key single-stranded oligodeoxynucleotide
(ssODN) donor design parameters, including homology arm
symmetry, CRISPR/Cas-blocking mutations, and strand com-
plementarity, which significantly influence HDR outcomes.
We applied this approach to introduce pathogenic variants
into five genes related to genetic cardiomyopathies. Quantita-
tive analysis of HDR events showed that both the target locus
and ssODN design strongly affect HDR efficiency. To address
the locus- and design-specific limitations, we established
CRISPR-MiX, a pooled ssODN-based method for scarless
genome editing using ribonucleoproteins (RNPs) that does
not require selection. CRISPR-MiX consistently improved
HDR efficiency across multiple loci. This strategy offers a sim-
ple, robust, and versatile approach for precise genome engineer-
ing in iPSCs, supporting broad applications in disease modeling
and functional genomics.

INTRODUCTION

Many genetic disorders have been modeled in vitro by deriving in-
duced pluripotent stem cells (iPSCs) from patients carrying patho-
genic mutations. However, somatic cell reprogramming to iPSCs
takes several months and is often limited by patient availability. To
expedite the process and overcome these challenges, targeted ge-
nomic engineering of disease-causing mutations in a reference
“wild-type” cell line has been explored as an alternative approach.
This method typically requires only a few weeks and provides an iso-
genic control line for direct comparison. However, modifying iPSCs
at specific loci remains challenging and often results in low and var-
iable editing efficiencies.

Genome editing with custom endonuclease relies on two mecha-
nisms of DNA repair: homology-directed repair (HDR) and non-ho-
mologous end joining (NHE]). HDR is preferred for knockin,
knockout, or precise mutagenesis, but it is an inefficient process.
In the fast-evolving CRISPR/Cas9 genome editing field, substantial
efforts have been made to enhance the efficiency of HDR; yet, re-
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ported success rates remain variable and relatively low.

Strategies to enhance HDR efficiency include inhibiting the NHE]
pathway through chemical and genetic modulation,* '* controlling
factors such as temperature,”” using Cas9 fusion proteins,'” or syn-
chronizing the cell cycle."'* However, these approaches are often
cell-type- and experimental-conditions-dependent. Microhomol-
ogy-mediated end joining (MME]) is an additional repair pathway
that can be utilized to enhance HDR. MMEJ utilizes short homolo-
gous sequences to repair double-stranded breaks, and recent work
demonstrated that simultaneous inhibition of NHE] and MME] en-
hanced HDR efficiency."

Another way to enhance HDR efficiency is through the rational de-
sign of the homology repair donor templates. Studies have shown
that adjusting the lengths of repair template homology regions us-
ing asymmetric single-stranded oligodeoxynucleotides (ssODNs)
can positively impact editing efficiency.> "' Additionally, incor-
porating a silent mutation in the PAM sequence to block the re-
cutting of the targeted site™'® >’
efficiency.

can improve accuracy and
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Figure 1. ssODN design parameters influence HDR
efficiency in a GFP-to-BFP reporter system

(A) Schematic of the GFP-to-BFP reporter system. The
underlined sequence indicates the gRNA target site, and
the black box highlights the targeted amino acid
substitution (Y66H) that shifts fluorescence from GFP to
BFP. (B) Schematic of ssODN designs showing homology
arm symmetry (symmetric vs. asymmetric) and the
presence or absence of a PAM-blocking mutation (WT vs.
Mut). (C) Schematic illustrating complementarity to
either the non-target or the target DNA strand. (D)
Representative fluorescence images of iPSCs showing
GFP- and BFP-positive cells following genome editing.
Scale bars, 200 um. (E) Quantification of the percentage
of BFP-positive cells in the homozygous AAVS1-GFP
reporter iPSC line (BIHIO01-A-2). Student’'s t test
comparing target to the non-target strand within each
ssODN group ("o < 0.05, *p < 0.01, **p < 0.001,
***p < 0.0001); two-way ANOVA with Tukey’s multiple
comparisons test comparing ssODN mix vs. individual
designs within each strand group (***p < 0.0001; ns, not
significant). Data are presented as mean + SD, n = 3
independent experiments per group. (F) Quantification of
BFP-positive cells across two reporter lines (BIHI001-A-2
and BIHI005-A-11). Two-way ANOVA with Tukey’s
multiple comparisons test comparing ssODN mix vs.
individual designs within each cell line (****p < 0.0001). No
significant differences were observed between cell lines
by one-way ANOVA. Data are presented as mean + SD,
n = 3 independent experiments per group.
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Despite these advancements, achieving efficient HDR in iPSCs re-
mains challenging, with success rates varying by cell type, locus,
and experimental conditions. Here, we developed a method, termed
“CRISPR-MiX,” to address these challenges. By combining multiple
rationally designed ssODNs, CRISPR-MiX enables scarless genome
editing with improved HDR efficiency, independent of the locus or
donor design.

RESULTS

Optimizing ssODN design improves HDR efficiency in iPSCs
Improving HDR efficiency is a key challenge in achieving reliable in-
sertions in iPSCs. Short ssODN donor templates containing a muta-
tion of interest have been used to facilitate HDR-mediated genome
editing. To evaluate the HDR efficiency of ssODNs, we utilized an
engineered reporter human iPSC line harboring the green fluores-
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a nucleotide substitution (196T>C) converts
the tyrosine amino acid to histidine (Y66H),
shifting the fluorescence excitation and emis-
sion spectra from GFP to BFP (Figure 1A).
This reporter system allows for precise meas-
urement of HDR efficiency by quantifying the percentage of cells
that shift from GFP to BFP.

To test whether the design of the ssODN affects HDR efficiency in
the GFP-to-BFP iPSC reporter line (BIHi001-A-2; https://hpscreg.
eu/cell-line/BIHi001-A-2; Homozygous AAVS1-GFP), we created
eight ssODNs with variable homology arm length (5" or 3’ symme-
try), the presence of a blocking mutation in the PAM sequence
(Figure 1B), and strand complementary (Figure 1C; Tables SI and
S2). Using nucleofection, we delivered pre-assembled Cas9 ribonu-
cleoprotein (RNP) complexes along with the ssODNss to the iPSC re-
porter line. Each of the four ssODNs was delivered either individu-
ally or as a pool in equimolar ratios (1:1:1:1, “CRISPR-MiX”). We
assessed HDR by measuring the conversion of GFP to BFP using flu-
orescence-activated cell sorting (FACS) analysis and quantified the
percentage of BFP-positive cells (Figures 1D, 1E, and S1A).


https://hpscreg.eu/cell-line/BIHi001-A-2
https://hpscreg.eu/cell-line/BIHi001-A-2
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We observed HDR efficiencies (GFP-to-BFP conversion) ranging
from 2% to 20%, depending on the ssODN design (Figure 1E). We
found that symmetric and asymmetric donors stimulated HDR at
similar frequencies. Consistent with previous studies,”” we also ob-
served significantly higher GFP-to-BFP conversion rates when the
donor DNA was complementary to the non-target strand
(Figure 1E). Importantly, we observed a significantly higher GFP-
to-BFP conversion in the pooled ssODN group than in any individ-
ual ssODN, outperforming the best individual ssODN (AsymWT).

To corroborate these findings and rule out allele-specific effects, we
repeated the experiments in a heterozygous Oct4-GFP knockin
iPSC line (BIHi005-A-11; Oct4-GFP (https://hpscreg.eu/cell-line/
BIHi005-A-11) in which the GFP is expressed in the endogenous
POUF51 locus. We utilized this cell line to evaluate HDR at a single
allele within a transcriptionally active locus. Similar to the homozy-
gous AAVS1-GFP reporter, we observed variability in HDR with sin-
gle ssODN donor templates, whereas pooling significantly increased
HDR (Figures 1F and S1). In contrast, adding a PAM-blocking sub-
stitution in the homozygous AAVS1-GFP reporter was associated
with decreased HDR for both the symmetric and, to a lesser extent,
the asymmetric donor; this effect was not observed in the heterozy-
gous POU5F1-GFP line (Figures 1F and S1).

Together, results confirm that HDR efficiency depends on the
ssODN design in both homozygous and heterozygous reporter lines
and show that pooling donor templates enhances editing outcomes
across different genomic contexts.

CRISPR-MiX enables efficient genome editing across
cardiomyopathy genes

Next, we sought to evaluate the efficiency of ssODN donor tem-
plates to introduce disease-causing mutations in a reference
“wild-type” iPSC line. To simulate a practical use experiment, we
targeted five endogenous loci to introduce mutations in genes asso-
ciated with familial cardiomyopathies, including phospholamban
(PLN, p.R14del),23’24 tropomyosin (TPM1, p.E39K),23 cardiac tro-
ponin T (TNNT2, p.R183W),”® RNA-binding motif protein 20
(RBM20, pR636Q),”” and potassium voltage-gated channel subfam-
ily H member 2 (KCNH2, p.T9831)*® (Figures 2A and S2). Each lo-
cus was targeted with Cas9-gRNA RNPs (Table S3) and ssODNs
(Tables S1 and S2), delivered by electroporation to the iPSCs,
and HDR was quantified by amplicon sequencing in unselected
iPSCs.”’

We observed HDR events in all five loci (Figure 2B) using the non-
target strand individual ssODN designs; however, HDR efficiencies
varied among the targeted loci (range, 0.1%-6%), depending on
the design (Figure 2C). Furthermore, the most efficient ssODN de-
sign differed across different loci (Figure 2C). For example, at the
PLN locus, the asymmetric donor ssODN with a PAM-blocking mu-
tation (AsymMut) yielded the highest HDR (4.94% + 0.035%). In
contrast, at the TPM1 locus, the symmetric ssODN donor without
the PAM-blocking mutation (SymWT) achieved the highest HDR

efficiency (6.195% =+ 0.033%). These data suggest that each genomic
locus may have an inherent preference for ssODN donor template
design. In contrast, CRISPR-MiX produced consistent HDR across
all five loci, with HDR significantly higher than that of any single do-
nor at TNNT2, KCNH2, RBM20, and TPM1 (p < 0.05). At PLN,
CRISPR-MiX was comparable to the best single design (AsymMut)
but exceeded AsymWT, SymWT, and SymMut (p < 0.0016).

To evaluate strand-specific effects, we also examined CRISPR-Mix-
mediated HDR using ssODNs derived from the target DNA strand.
HDR was highly dependent on the locus and ssODN design
(Figure 2D). Compared to the non-target strand, the target strand
CRISPR-MiX performed similarly at the PLN and TPM1 loci and
was more effective at the TNNT2 locus. However, neither the indi-
vidual donors nor the CRISPR-MiX of pooled donors showed any
successful HDR at KCNH2 or RBM20.

DISCUSSION

CRISPR/Cas9 genome editing is a powerful tool for introducing and
correcting genetic mutations in human iPSCs. However, CRISPR/
Cas9-mediated HDR often has low success rates. Although strategies
to improve HDR have been developed, results depend on the
template design and the targeted locus. By systematically testing
variables including strand complementarity, homology arm symme-
try, and the presence of PAM-blocking mutations, we developed
“CRISPR-MiX,” a pooled ssODN approach that consistently
achieves HDR across multiple loci, enabling efficient CRISPR/
Cas9-mediated genome editing in human iPSCs.

Across the tested conditions, strand orientation emerged as a critical
determinant of HDR-mediated genome editing. Donors comple-
mentary to the non-target strand generally produced higher or
more consistent HDR than target-strand donors, although the mag-
nitude and direction of this effect depended on experimental context.
Including the Cas9 variant used,”? our findings are consistent with
prior reports but differ from Skarnes et al. (2019),* who reported
no strand dependence in a monoallelic AAVS1 BFP-to-GFP re-
porter. Differences in allelic context, gRNA positioning, and exper-
imental conditions, such as cold shock, ssODN chemical modifica-
tions, and small molecule HDR “enhancer,” likely account for
these discrepancies. This suggests that strand effects are system-spe-
cific, supporting empirical strand testing and pooled donor strat-
egies. Finally, we found that homology-arm symmetry and PAM
protection also influenced HDR outcomes, but their effects de-
pended on locus and design, highlighting that donor configuration
affects HDR outcomes.

Extending these observations to endogenous targets, we examined
five cardiomyopathy-associated genes using both individual donors
and pooled CRISPR-MiX on each strand. On the non-target strand,
CRISPR-MiX was significantly higher than any single donor at four
loci or matched the best single design at the fifth locus. On the target
strand, outcomes were strongly locus-dependent: CRISPR-Mix im-
proved HDR at some loci, was comparable to single donors at others,
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Figure 2. CRISPR-MiX improves HDR efficiency at endogenous cardiomyopathy-associated loci

(A) Schematic of sequences at the targeted loci associated with pathogenic cardiomyopathy mutations. (B) Representative amplicon sequencing reads showing the success
of HDR at the target loci using AlleleProfileR. (C and D) HDR efficiency (%) calculated by amplicon sequencing for each targeted gene (PLN, TPM1, TNNT2, RBM20, and
KCNH2) using individual ssODNs or pooled ssODNs (CRISPR-MiX) targeting either the non-target strand (C) or the target strand (D). Statistical analysis by two-way ANOVA
with Dunnett’s multiple comparisons (reference = Mix) was performed within each gene. Data are presented as mean + SD, n = 3-4 independent experiments per group

(0 < 0.05, ™p < 0.01, **p < 0.001, ***p < 0.0001).

and produced no detectable HDR at loci where target-strand donors
failed. These results demonstrate that pooling rationally designed
donors, especially those from the non-target DNA strand, reduces
locus-specific variability and delivers robust HDR without the
need for extensive locus-by-locus optimization. Nevertheless, empir-
ical testing may be required for particular loci to achieve optimal
outcomes.

Mechanistically, we postulate that CRISPR-MiX enhances HDR ef-
ficiency by increasing compatibility with the diverse DNA repair
microenvironments present at different loci and across individual
cells. Following Cas9-induced double-strand breaks, repair is initi-
ated via DNA end resection, which can vary in extent and polarity

depending on locus-specific features. For example, loci that
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undergo minimal or asymmetric resection may more readily anneal
to ssODNs of a particular strand or homology arm configuration.
This could explain why certain loci (e.g., KCNH2 and RBM20)
failed to support HDR with target strand donors, while others
(e.g., TNNT2) favored them. By pooling multiple ssODNs with
diverse designs, CRISPR-MiX likely increases the chance of do-
nor-resection compatibility, thereby compensating for variability
in resection dynamics and chromatin context and overcoming
locus-specific repair constraints.

In summary, we developed CRISPR-MiX, a pooled ssODN approach
for enhancing HDR in human iPSCs, enabling rapid and predictable
genome editing. Although our study focused on iPSCs, the principle
of CRISPR-MiX could also be applied to more complex systems, such
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as iPSC-derived organoids and primary cells. Given its versatility,
CRISPR-MiX holds broad potential in disease modeling, functional
genomics, and therapeutic genome engineering.

MATERIALS AND METHODS

Human iPSC reprogramming and culture

The human iPSCs were derived from peripheral blood mononuclear
cells (PBMCs) using the CytoTune-iPS Sendai Reprogramming Kit
(Thermo Fisher Scientific) per the manufacturer’s protocol with

o . a0 123-26
some modifications, as previously described.

The iPSCs were cultured in E8 media on Geltrex-coated plates at
37°C under hypoxic conditions (5% 02, 8% CO2). Cells were disso-
ciated using DPBS-EDTA at 37°C for 7-10 min and replated in E8
media containing 2.5 pM Y-27632 (Selleckchem).

Genome editing

Ribonucleoprotein (RNP) complexes were assembled by mixing 60
pmol sgRNA (Synthego; sequences in Table S3) with 20 pmol SpCas9
nuclease (Synthego) and incubating for 10 min at room temperature.
Next, for electroporation, 120 pmol of ssODNs was added to the
RNP complexes in a total volume of 10 pL in R buffer (Thermo
Fisher Scientific). The RNP-ssODN mixture was electroporated
into iPSCs (0.25 x 10° cells) using the Neon Transfection System
(Thermo Fisher Scientific) with a 10uL Neon Tip (1,200 V, 20 ms,
1 pulse).

Following electroporation, the cells were plated in a 6-well plate with
E8 medium supplemented with CloneR2 (STEMCELL Technolo-
gies). The cells were harvested 5 days post-nucleofection for flow cy-
tometric quantification of BFP, allowing time for the reporter protein
expression. The cells were dissociated and analyzed by flow cytome-
try to quantify GFP and BFP expression using the MACSQuant 10
system (Miltenyi Biotec). The data were analyzed with Flow]Jo soft-
ware. For endogenous gene editing assays, genomic DNA was ex-
tracted 2 days post-electroporation, a time point sufficient to detect
HDR events by amplicon sequencing.

Amplicon sequencing

Genomic DNA was extracted using QuickExtract solution (Epicen-
ter) following the manufacturer’s protocol. The targeted regions
were amplified by PCR using the PrimeSTAR GXL DNA Polymerase
(Takara) with locus-specific primers (Table S4). PCR products were
sequenced using the Amplicon-EZ sequencing service (Genewiz).

HDR analysis

The HDR analysis was performed using AlleleProfileR by providing
the reference genome (hg38), the gRNA sequences, the next-gener-
ation sequencing reads, and the amplicon sequences of each target
locus, following the software’s manual.”’
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