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SUMMARY

Patient-specific human induced pluripotent stem cells (hiPSCs) offer unprecedented opportunities for the investigation of multigenic
disease, personalized medicine, and stem cell therapy. For heterogeneous diseases such as atrial fibrillation (AF), however, precise correc-
tion of the associated mutation is crucial. Here, we generated and corrected hiPSC lines from two AF patients carrying different hetero-
zygous SHOX2 mutations. We developed a strategy for the scarless correction of heterozygous mutations, based on stochastic enrichment
by sib selection, followed by allele quantification via digital PCR and next-generation sequencing to detect isogenic subpopulations. This
allowed enriching edited cells 8- to 20-fold. The method does not require antibiotic selection or cell sorting and can be easily combined
with base-and-prime editing approaches. Our strategy helps to overcome low efficiencies of homology-dependent repair in hiPSCs and

facilitates the generation of isogenic control lines that represent the gold standard for modeling complex diseases in vitro.

INTRODUCTION

Research on the genetic basis of human cardiovascular
disease has mainly relied on animal models in the past
due to the limited access to human primary cardiac tissue.
However, species-specific electrophysiological and tran-
scriptional differences in cardiomyocytes can confound
the translation of these findings to clinical relevance
(Brandao et al., 2017; Moretti et al., 2013). Human
induced pluripotent stem cells (hiPSCs) can help to over-
come these limitations, as they provide an unlimited
source of cardiomyocytes for the investigation of patho-
genic mechanisms and the discovery of promising thera-
peutic targets (Abou-Saleh et al., 2018). Patient-derived
hiPSCs represent a personalized drug-screening platform
for precision medicine and individualized therapy (van
Mil et al., 2018), Yet, the phenotype of the derived cardi-
omyocytes remains largely immature and the complex
three-dimensional tissue structure can be mimicked only
insufficiently in vitro (Moretti et al., 2013). In addition,
substantial interline variability in cardiac differentiation
capacity exists, emphasizing the need for reliable controls.
Nevertheless, hiPSCs have been successfully used to
model several cardiovascular diseases (Brandao et al.,
2017; El-Battrawy et al., 2018; Goedel et al., 2017; Moretti
et al., 2020).

The short stature homeobox 2 (SHOX2) transcription
factor plays a crucial role in the development of the sino-
atrial node, the native pacemaker of the heart. By antago-
nizing NKX2.5, it prevents the formation of working
myocardial tissue, simultaneously activating the gene pro-
gram of pacemaker cells, such as ISL1 and HCN4 (Blaschke
et al., 2007; Hoffmann et al., 2013; Ye et al., 2015). We and
others have shown that mutations in this gene are associ-
ated with early-onset and familiar forms of atrial fibrilla-
tion (AF) and sinus node dysfunction (Hoffmann et al.,
2016, 2019; Li et al., 2018). In a previous screening of pa-
tients with an early-onset form of AF, we identified two
mutations that interfere with the function of SHOX2: the
coding mutation SHOX2 c.849C>A (= SHOX2 p.H283Q)
was shown to impede the protein’s function as a transcrip-
tional activator, as demonstrated by the failed rescue of the
bradycardia phenotype in a zebrafish model after knock-
down of endogenous Shox2. Another SHOX2 variant re-
sides in the 3’ UTR (SHOX2 c.*28T>C), leading to a novel
microRNA binding site for miR-92b-5p, which has been
shown to be functional in vitro. AF patients harboring
this variant have reduced microRNA expression levels in
the plasma compared with AF-affected non-carriers and
significantly prolonged PR intervals (Hoffmann et al.,
2016). To develop an in vitro AF model, we recruited two
patients with these SHOX2 mutations (SHOX2 c.849C>A
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or SHOX2 c.*28T>C) for reprogramming of somatic cells to
hiPSCs.

Recent advances in gene transduction and editing tech-
nologies have potentiated the applicability and versatility
of hiPSCs (Brookhouser et al., 2017). Genome targeting
has become feasible due to the development of site-specific
nucleases, such as clustered regularly interspaced short
palindromic repeat (CRISPR)/Cas9. Following a Cas9-
induced double-strand break (DSB), endogenous repair
mechanisms are activated by the cell: the error-prone
non-homologous end joining (NHE]) or the precise homol-
ogy-directed repair (HDR), which uses (partially) homolo-
gous DNA to restore the DNA sequence (Jackson and Bar-
tek, 2009). In the presence of an exogenously introduced
template, the alteration or insertion of specific DNA se-
quences, ranging from single-nucleotide exchanges to
whole transgenes, can be achieved. Especially, the correc-
tion of disease-associated mutations in patient-specific
hiPSCs holds great potential for precision disease modeling
(Jang and Ye, 2016). These so-called isogenic controls differ
only in single genetic variants, allowing for a direct geno-
type-to-phenotype comparison. This is of particular inter-
est when studying multigenic diseases such as AF, where
combinations of different variants with low impact are
contributing to the observed phenotype.

A key limitation in the genome editing of hiPSCs is the
fact that these cells preferentially choose the error-prone
NHE]J pathway rather than the precise homology-directed
approach (Guo et al., 2018). Under normal circumstances,
frequencies of ~1% for single-base substitutions or dele-
tions are often reported (Miyaoka et al., 2014; Soldner
et al., 2011). In recent years, substantial efforts have been
made to develop strategies improving HDR efficiency,
ranging from changes in the culturing conditions to sup-
pressing NHE] via small molecules or gene knockdown,
modifications of the Cas9 enzyme, and optimization of
the donor template (Anzalone et al.,, 2019; Chu et al.,
2015; Guo et al., 2018; Komor et al., 2016; Okamoto
et al., 2019; Yu et al., 2015).

Here, we propose a strategy to precisely correct heterozy-
gous mutations adapted from a previously published
method (Miyaoka et al., 2014), which was developed for
the insertion of single-base substitutions into a wild-type
(WT) background. It is based on the stochastic enrichment
of precisely edited cells by subdivision of genome-edited
cells into small pools and the detection of these subpopula-
tions via allele quantification. With this approach, we were
able to enrich our cells of interest 8- to 20-fold compared
with the initial editing efficiency, allowing for a less
work-intense screening for rare editing events, which can
be combined with other optimization approaches. The cor-
rected hiPSCs will help to elucidate the function of SHOX2
in the genetic network of atrial and nodal cardiomyocytes
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and its contribution to the development and progression
of AF.

RESULTS

Sib Selection Stochastically Enriches Isogenic
Subpopulations That Are Detected by Allele
Quantification

We generated hiPSCs derived from peripheral blood
mononuclear cells of two AF patients harboring heterozy-
gous SHOX2 mutations (SHOX2 c.849C>A and SHOX2
¢.*28T>C) using non-integrating Sendai viruses encoding
KLF4, OCT3/4, SOX2, or c-MYC (Figure S1A) (for detailed
patient characteristics see Table S1). The presence of the pa-
tient-specific SHOX2 ¢.849C>A and SHOX2 ¢.*28T>C mu-
tations was confirmed by Sanger sequencing (Figure S1B).
All derived clones (two clones from patient I and three
clones from patient II) displayed stem cell-like features
and pluripotency capacity, as shown by high activities of
alkaline phosphatase (Figure S1C), had lost the viral trans-
genes after 10-20 passages (Figure S1D), expressed pluripo-
tency markers on protein and RNA level (Figures S1E and
S1F), and differentiated spontaneously into all three germ
layers (Figure S1G). Moreover, they were karyotypically
normal (Figure S1H) and shared their respective patient
origin (Table S2). Clones no. 1 from patient I and patient
IT were used for gene correction.

To target the heterozygous mutations, two single guide
RNAs (gRNAs) per locus with cutting sites close to the mu-
tations were selected (Figure 1). The gRNAs were predicted
to range from moderately to highly efficient, with a sub-
stantial number of off-targets. However, as gene conversion
tracks are relatively short in mammalian cells (Elliott et al.,
1998), the distance between the Cas9 cut site and the tar-
geted DNA sequence has to be minimized to achieve high
HDR efficiency. Cells were transfected with Cas9 ribonu-
cleoprotein (RNP)/gRNA complexes and a single-stranded
oligodesoxynucleotide (ssODN) as the HDR template (Fig-
ure 1A). After 48 h the genome-targeting efficiency of
each gRNA was determined by next-generation sequencing
(NGS) for a precise estimation of indel size, frequency, and
sequence identity. For the SHOX2 ¢.849C>A locus, the two
selected gRNAs were moderately effective, producing indel
frequencies of 36% and 21%, respectively. For the SHOX2
c.*28T>C locus, gRNA-1 and gRNA-2 were less effective,
producing indel frequencies of 17% in hiPSCs (Figure 1B).
Due to the heterozygous nature of the SHOX2 mutations,
the frequency of HDR events could not be precisely deter-
mined in these large cell pools.

The fractionation of a heterogeneous population of
genome-edited stem cells can randomly enrich desired sub-
populations, such as isogenic cells. A population of cells
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Figure 1. gRNA Design and Validation for the SHOX2 c.849C>A and the SHOX2 c.*28T>C Loci
(A) Experimental overview of gRNA validation. hiPSCs were transfected with Cas9 RNP/gRNA complexes and ssODNs. After 48 h, the Cas9-

targeted region was amplified and analyzed via NGS.

(B) Boxes, top: The SHOX2 c.849C>A and SHOX2 c.*28T>C loci with selected gRNA binding sites. PAM sequences are depicted in blue, the
mutated base pair is in red. Boxes, bottom: Indel frequency for each gRNA in hiPSCs 48 h after transfection. The targeted region is
centered. The cumulative frequency of deletions (blue) and insertions (green) at each position is depicted in percentage of reads
(% Reads). Abbreviations: RNP, ribonucleoprotein; gRNA, single guide RNA; ssODN, single-stranded oligodesoxynucleotide; NGS, next-

generation sequencing.
See also Figure S1, Table S1, S2, S5, and S6.

containing a small number of cells of interest is subdivided
into small pools (“sib selection”). Of these, the one with the
highest percentage of target cells is selected and subjected
to a new round of subdivision. After the enrichment of
target cells to a reasonable amount, single-cell cloning
can be performed to achieve a pure cell population. We hy-
pothesized that—by quantifying the ratio of WT and Mut
alleles in these sib selections—we would be able to detect
cells that had precisely corrected the heterozygous muta-
tion. A present subpopulation of isogenic cells contributes
two WT alleles to the DNA pool, leading to a shift in the
WT/Mut allele ratio. Sib selections with an overaverage
abundance of WT alleles potentially contain enriched

amounts of isogenic cells and can, therefore, be selected
for further analysis and single-cell cloning.

We utilized digital PCR (dPCR) to precisely quantify
and identify DNA molecules to determine WT/Mut allele
ratios within individual sib selections (Figure 2A). Using
plasmids containing either the mutated or the unmutated
SHOX2 gene, we confirmed the specificity of our TagMan
probes (Figure 2B). The sensitivity and specificity of the
system were tested by mixing different ratios of genomic
DNA from healthy donors with DNA from patient-specific
hiPSCs and comparing detected allele ratios to actual
ratios. The strong correlation between calculated and
measured Mut alleles indicated a high precision of allelic
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Figure 2. Pretests for Allele Quantification via dPCR

(A) Primer/probe design for detection of WT and Mut alleles with specific probes. The mutation-spanning oligonucleotide donor is depicted
above the mutant allele.

(B) dPCR result for different ratios of control and patient genomic DNA represented as HEX channel 1D amplitude (top) and plotted against
the expected percentage (bottom); n = 3, error bars represent +SD of the mean.

(C) Probe specificity test with plasmids containing WT (SHOX2c.849C, SHOX2 c.*28T) and Mut (SHOX2 c.849A, SHOX2 c.*28C) alleles. Data
are expressed as mean + SD of three independent experiments. Abbreviations: dPCR, digital PCR; WT, wild type; Mut, mutant; gDNA,
genomic DNA; FAM, 6-carboxyfluorescein; HEX, hexachloro-fluorescein; BHQ, Black Hole Quencher.

See also Table S5.
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quantification as well as a specificity of WT and Mut
TagMan probes for their respective alleles (Figure 2C).

Cas9 RNP/gRNA/ssODN-transfected hiPSCs were seeded
into small cell pools of 200 cells per well on a 96-well plate,
48 h after transfection and grown until confluency (~8-
10 days) (Figure 3A). From each well, 50% of the cells were
cryopreserved, while the other 50% were subjected to
DNA extraction and subsequent allele quantification with
dPCR (Figure 3B). Most of the samples after the sib selection
still showed a nearly equal allele distribution of 50:50
(dotted line), which is characteristic of a heterozygous mu-
tation and indicates no enrichment of targeted cells. How-
ever, a higher abundance of WT alleles was seen in some
of the samples that were selected for further analysis.

Isogenic Subpopulations in Sib Selections Are Re-
quantified via Next-Generation Sequencing

The major limitation of allele quantification via dPCR is
its dependence on a functional PCR reaction. Mutations
or the complete loss of primer/probe binding sites in al-
leles can prevent a successful amplification of the DNA
strands and therefore their identification. If large popula-
tions of hiPSCs in a sib selection contain WT alleles and
non-detectable mutant alleles, it will generally lead to a
shift in the WT/Mut allele ratio similar to what is caused
by isogenic cells (Figure 3C). Consequently, sequences
had to be analyzed in detail via NGS to confirm the pres-
ence of isogenic cells in the chosen sib selections. A total
of 11 sib selections were deep sequenced. To determine
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Clones were screened via TagMan probe-based SNP genotyping, and potential homozygous WT clones were confirmed with Sanger
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(B) Screening forisogenic clones derived from heterozygous SHOX2 c.849C>A cells: 24 single-cell clones were genotyped and sequenced. In
5/24 clones (21%) the mutation was corrected back to WT, with 3 clones showing no additional mutations several hundred nucleotides up-

and downstream.
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the percentage of isogenic cells from WT/Mut allele ratios,
we made two assumptions: first, we considered the proba-
bility of SHOX2 copy number variations (CNVs), for
example, due to trisomy or gene duplications, to be very
low. CNVs could lead to changes in allele ratios that are
also not caused by isogenic subpopulations. Second, we
neglected the probability of an imprecise correction of
the SHOXZ2 mutations (mutation lost, but other mutations
introduced) for that moment. Under normal circum-
stances, HDR leads to a complete restoration of the
sequence. This allowed us to directly calculate the percent-
age of isogenic subpopulations from the WT and Mut al-
leles (Figure 3D). We classified NGS reads into three cate-
gories, WT alleles, Mut alleles, and non-assignable (N/A)
alleles, in which the base of interest (SHOX2 c.849 or
SHOX2 c.*28) was deleted (for detailed sequences see Table
S3). This classification was carried out independent of
additional mutations in the respective alleles. N/A alleles
caused uncertainty in allele quantification, as their origin
from either WT or Mut alleles could not be determined.
This uncertainty was addressed by defining all N/A alleles
as either WT or Mut alleles when calculating the WT/Mut
allele ratio. The result was a range of possible ratios, span-
ning the two extreme scenarios in which N/A alleles were
counted as either all WT or all Mut (Figure 3D). Using
gRNA-1 to correct the SHOX2 c.849C>A mutation led to
a high percentage of reads with deletions spanning the
targeted mutation, which made the precise quantification
of isogenic sib selections impossible (Figure S2). For the
SHOX2 ¢.849C>A sib selections gRNA-2 nos. 2-4, a large
fraction of N/A alleles led to a wide range of potential
allele ratios (Figure 3D). As this included a scenario in
which the higher percentage of WT alleles could be
explained solely by a loss of detectable Mut alleles, a sub-
population of isogenic cells was possible, but not guaran-
teed. On the other hand, sib selection SHOX2 c.849C>A
gRNA-2 no. 1 had a strong and robust increase in WT al-
leles, indicating a large fraction of isogenic clones. For
SHOX2 c.*28T>C sib selections, gRNA-1 no. 1 and gRNA-
2 no. 1 showed similar shifts and were therefore selected
for single-cell cloning together with SHOX2 c.849C>A
gRNA-2 no. 1. Allelic distributions were used to calculate
the percentage of isogenic cells in these cell pools, esti-
mating frequencies of 20%-26% for SHOX2 c.849C>A
gRNA-2 no. 1, as well as 7%-9% and 5%-9% in sib selec-
tion gRNA-1 no. 1 and gRNA-1 no. 2, respectively (Fig-
ure 3D). With a supposed initial efficiency of ~1% for pre-

cise genome editing, the sib-selection process led to a
significant enrichment of target cells.

The number of cells that had to be screened to find at
least one isogenic clone with a given probability was deter-
mined by negative binominal distribution. The applied pa-
rameters were the calculated frequency of target cells
(~23% or ~8%), the desired number of positive clones to
be found (=1 clone), and a self-defined chance of success
to find one (95%) (Figure 4A). Twelve clones for sib selec-
tion SHOX2 ¢.849C>A gRNA-2 no. 1 and 35-40 clones for
SHOX2 c.*28T>C sib selections were generated to find at
least one clone of interest with a 95% probability.
Compared with the nearly 300 cells that would have to
be screened for the same chances of success—if the target
cell population was only ~1%—still, this represented a sub-
stantial reduction in screening workload.

Monoclonal cell populations were obtained via limiting
dilution (Figure S3). Both dPCR primers and probes were
reused for TagMan SNP genotyping of SHOX2 c.849C>A
and of SHOX2 c.*28T>C to preselect potentially homozy-
gous WT clones. From the allele discrimination plot, all an-
notated homozygous WT clones were identified (Figures 4B
and 4C). Subsequent sequencing confirmed the precise
correction of the heterozygous SHOXZ2 c¢.849C>A or
SHOX2 ¢.*28T>C mutation and was used to screen for addi-
tional mutations up- and downstream of the Cas9 target
site. For SHOX2 ¢.849C>A, five of 24 sequenced clones
(~21%) were confirmed to have lost the patient mutation,
matching the expected frequency of 20%-26%. However,
in two of them, additional mutations were introduced duz-
ing the editing process. For SHOX2 c.*28T, five of the anno-
tated WT clones (1 x from sib selection gRNA-1no. 1 and 4 x
gRNA-2 no. 1) were confirmed to be isogenic with no addi-
tional detectable mutations neither ~600 bp upstream nor
~260 bp downstream of the Cas9 cut site. For the rest of the
clones that were predicted to be homozygous WT via geno-
typing, a loss of primer/probe binding sites on the mutant
allele explained the false annotation (Figures 4B and 4C).

For subsequent detailed re-characterization, we selected
one isogenic clone for SHOX2 c.849C>A and SHOX2
¢.*28T>C. Both clones had maintained their stem cell-like
morphology and pluripotent capacity and exhibited high
alkaline phosphatase activity, showed expression of plurip-
otency markers on the RNA/protein level, and spontane-
ously differentiated into derivates of all three germ layers
(Figure S4A-D). Classical cytogenetic analysis on Giemsa-
stained chromosomes revealed a normal male karyotype

(C) Screening for isogenic clones derived from heterozygous SHOX2 c.*28T>C cells: single-cell-derived clones were genotyped. Ten an-
notated homozygous WT clones were sequenced to confirm the loss of the SHOX2 c.*28T>C mutation. In 5/10 clones the mutation was
repaired precisely back to WT, in the other 5/10 clones, deletions on the Mut allele explained the false annotation. Abbreviations: SNP,
single-nucleotide polymorphism, here, SHOX2 c.849C>A and SHOX2 c.*28T>(; Indel, insertion/deletion.

See also Figures S3 and S4, Tables S3 and S5.
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Figure 5. Reverse Genome Editing to Determine the Initial HDR Efficiency

(A) Experimental scheme for reverse gene editing. The newly generated isogenic clones were used to determine the initial HDR efficiency.
For this, the same Cas9 RNP and gRNA were used in combination with an oligonucleotide donor differing only in the one base analogous to
SHOX2 c.849 (B) or SHOX2 c.*28 (C). In consequence, HDR events would lead to the introduction of the SHOX2 c.849C>A or SHOX2 c.*28T>C
mutation. The frequency of HDR was determined by NGS 72 h after isogenic cells were transfected with Cas9/gRNA/ssODNs. Abbreviations:

HDR, homology-directed repair.
See also Tables S2, S5, and S6.

in 30 investigated metaphases each (Figure S4E). Cell line
authentication confirmed their patient-specific origin and
excluded cross-contamination with the control line (Table
S2). We sequenced 12 and 11 highly scored off-targets for
SHOX2 ¢.849C>A gRNA-2 and SHOX2 c.*28T>C gRNA-1
consisting of exonic regions as well as intronic and inter-
genic regions with potential regulatory relevance, but found
no additional mutations introduced in these sites (Table S4).

The Initial HDR Frequency Is Determined by Re-
introducing the Patient-Specific Mutations into the
Isogenic Control Lines

To determine if the sib-selection process indeed enriched
the targeted cells, the initial HDR efficiency had to be quan-
tified. Therefore, SHOX2 ¢.849C>A or SHOX2 c.*28T>C
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mutations were re-introduced into the generated cell line
using the same Cas9 enzyme batch and gRNAs but replac-
ing the ssODNs with analogous versions that would lead
to the insertion of the point mutations rather than to their
repair. Seventy-two hours after transfection, the frequency
of HDR events was determined by NGS. The SHOX2
€.849C>A and SHOX2 c.*28T>C mutations could be de-
tected in 0.70% and 0.85% of the reads, respectively, corre-
lating with often-reported frequencies of ~1% (Figure 5)
(Miyaoka et al., 2014).

Patient-Specific and Isogenic hiPSCs Were
Differentiated into Different Cardiomyocyte Subtypes
To prove the suitability of these lines as a cardiac disease
model, patient-derived hiPSCs and their isogenic
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counterparts were differentiated into ventricular-, atrial-,
and nodal-like cardiomyocytes using previously described
protocols (Foo et al., 2018; Liang et al., 2019; Zhang
et al., 2015a) (Figures 6A, 6E, and 61). Flow-cytometry anal-
ysis of the pan-cardiac marker cardiac Troponin T showed
comparable differentiation capacities between isogenic
pairs (Figures 6B, 6F, and 6]). Immunostaining of cardiac
Troponin T (A band) and sarcomeric a-actinin (Z band) of
24-day-old cardiomyocytes revealed normal sarcomeric or-
ganization in all lines (Figures 6C, 6G, and 6K). We
analyzed the expression of several subtype-specific marker
genes on the RNA level and found no significant differ-
ences between patient and isogenic lines, with the excep-
tion of SHOX2 expression that was reduced in nodal-like
cells and a reduced expression of the ventricular homeobox
transcription factor IRX4 in the presence of the c.*28T>C
mutation (Figures 6D, 6H, and 6L). We conclude that these
lines are well suited to future investigations on how these
SHOX2 mutations contribute to the prevalence of AF.

DISCUSSION

The concept of using stochastic enrichment of cells by sib
selection to introduce precise mutations into hiPSCs
derived from a healthy donor has been proposed before
(Miyaoka et al., 2014). The insertion of disease-linked vari-
ants into a WT background helps to interrogate the influ-
ence of these mutations on the onset and progression of
a disease by direct comparison of mutated cells to their
isogenic counterpart. Yet, this approach is limited to mono-
genic diseases or variances with a high impact on the
phenotype. Here, we demonstrate that this approach can
be used to correct heterozygous mutations as well. This is
of particular interest when using patient-derived hiPSCs
that already harbor putative disease-causing variants.
These patient models play a central role in the investiga-
tion of sporadic or idiopathic diseases, where a combina-
tion of multiple risk alleles with low effect size is thought
to be the genetic basis and individual risk variants might
not be sufficient to cause a disease-associated phenotype.

AF is a multifactorial disease with a strong genetic
component and a complex heritability (Feghaly et al.,
2018). Multiple genetic loci have been associated with
this disease (Roselli et al., 2018) and mutations in potas-
sium and sodium channels as well as mutations in tran-
scription factors and structural proteins have been identi-
fied (Feghaly et al., 2018). However, AF models based on
human stem cell-derived cardiomyocytes are sparse (Ben-
zoni et al., 2019; Laksman et al., 2017) and to date, linking
specific mutations to an AF phenotype in hiPSC-cardio-
myocytes has not been achieved. The correction of puta-
tive disease-contributing variants in hiPSCs could unravel
subtle phenotypic changes, even if the disease phenotype
overall persisted.

Our proposed strategy can be applied to a precise repair of
heterozygous mutations that does not require the use of se-
lection marker integration, its transient expression, or an
enrichment of nuclease-expressing cells by fluorescence-
activated cell sorting (Lonowski et al., 2017; Mitzelfelt
et al., 2017; Steyer et al., 2018). This does not only abolish
the need to optimize the selection or sorting process, but
also allows the use of unlabeled nuclease proteins or gene
constructs. The enrichment of cells with a high expression
of Cas9 via puromycin or cell sorting has led to concerns
regarding off-target effects, as prolonged expression or
high concentrations of nucleases tend to increase the prob-
ability of unwanted DSBs (Chen et al., 2016; Zhang et al.,
2015b). This can be countered by the use of Cas9 RNPs,
which reportedly show less off-targeting due to the short-
ened activity span by immediate DNA cleavage after deliv-
ery into cells, followed by a rapid degradation (Kim et al.,
2014; Ramakrishna et al., 2014). Avoiding delivery vectors
that have the potential to integrate into the genome also
opens possibilities for gene editing in clinical settings under
good manufacturing practice conditions. In addition, high-
fidelity gRNAs with few predicted off-targets should be pref-
erentially chosen (Hsu et al., 2013). However, to increase
the frequency of HDR events, gRNAs must be selected ac-
cording to the distance from the induced DSB to the HDR-
targeted DNA section, rather than off-target scores or pre-
dicted efficiency. Nevertheless, to completely rule out

Figure 6. Differentiation of Patient-Specific and Isogenic Control hiPSCs into Cardiomyocyte Subtypes

(A, E, and I) hiPSCs were differentiated into ventricular- (A-D), atrial- (E-H), and nodal-like (I-L) cardiomyocytes using the given dif-
ferentiation schemes. (B, F, and I) Flow-cytometry analysis revealed similar numbers of cTNT* cells in isogenic pairs, indicating an un-
impaired differentiation capacity in patient lines. Top: Representative flow-cytometry dot plots for IgG isotype control (left) and cTNT
(right) of differentiated cells at day 20. Bottom: Percentage of cTNT" cells in n = 3 independent experiments. (C, G, and K) Immunostaining
for cardiac Troponin T (sarcomere A band) and a-actinin A (sarcomere Z band) showed normal sarcomeric organization in patient and
control lines; scale bar, 50 um. (D, H, and L) gRT-PCR analysis of subtype-specific markers showed equal gene expression between patient
and control hiPSC-derived cardiomyocytes, with the exception of SHOX2 and IRX4, which were significantly downregulated in the SHOX2
mutant c.*28T>C line. Data are expressed as mean = SD of three independent experiments. *p < 0.05, **p < 0.01. Abbreviation: cTNT,

cardiac Troponin T.
See also Tables S5 and Sé6.
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additional editing, a genome-wide analysis via whole-
genome sequencing would be required. Enriching cells of
interest before single-cell seeding is especially beneficial
for cell lines that behave poorly during clonal expansion.
In our experience, keeping cells in small pools of 200 cells
per well of a 96-well plate has significantly improved sur-
vival rates upon splitting. This avoids the selective enrich-
ment of cell populations with abnormal survival advan-
tages or growth rates caused by chromosomal aberrations.
Subsequently, low clonability rates do not lead to an
immense increase in time and material consumption due
to large-scale cloning efforts as only a handful of clones
have to be analyzed to find an isogenic one. In fact, even
with thelow clonability rates of 10%-20% that we achieved
with our patient lines, only two or three 96-well plates per
line were sufficient to find several isogenic populations.

In regions that are difficult to target, the initial HDR effi-
ciency may still be low even after incorporation of
improvement strategies such as optimizing the DNA tem-
plate (Okamoto et al., 2019; Richardson et al., 2016), modi-
fying the Cas9 enzyme itself (Anzalone et al., 2019; Komor
et al., 2016), or applying small molecules to increase HDR
(Yu et al., 2015). Our proposed strategy can be combined
with any of these approaches as it is locus independent
and relies solely on a stochastic enrichment rather than
the modulation of biological processes. Especially,
emerging techniques like base editing and prime editing
(Anzalone et al.,, 2019; Komor et al., 2016) can profit
from this approach by complementing their increased effi-
ciency in targeted editing with an additional enrichment of
correctly edited cells. We purposely avoided the insertion
of silent blocking mutations, which prevent re-cutting by
Cas9 after HDR-mediated editing (Okamoto et al., 2019),
together with the mutation correction in the ssODN
sequence. We highly recommend restricting their applica-
tion to coding mutations, as unwanted side effects in
UTRs or non-coding regulatory regions by altered posttran-
scriptional regulation or transcription factor binding
cannot be ruled out completely. An example of this is the
SHOX2 c¢.*28T>C mutation, which resides within the 3’
UTR and mediates its detrimental effect by the generation
of a novel microRNA binding site (Hoffmann et al., 2016).

However, despite the clear advantages of this method,
several limitations remain. Laboratories are required to
have fast and easy access to NGS and potentially dPCR.
We used dPCR to preselect sib selections with potentially
high fractions of isogenic cells, despite the stated limitations
of this method to quantify such subpopulations. In addi-
tion, some dPCR primer/probe combinations seem to sys-
tematically favor the amplification of WT or Mut alleles in
dPCRs, thus allowing only a relative comparison between
sib selections. The preselection of a few samples made single-
plex NGS possible, which could be analyzed with freely

available online tools such as Cas-analyzer (Park et al,
2017). Nevertheless, a more straightforward approach
would be to quantify alleles in all sib selections at once
with deep sequencing. Although this is more cost intense
and requires amplicon-NGS analysis knowledge due to sam-
ple multiplexing, it would speed up the process significantly
and allow one to find the one sib selection that truly has the
highest percentage of isogenic cells. With recent and future
advances in NGS, we expect this method to become more
feasible and affordable (Levy and Myers, 2016; Park and
Kim, 2016). The additional passaging and cryopreservation
required in the sib-selection process is a potential source
for acquiring mutations and chromosomal translocations
in the extended culturing periods (Martins-Taylor and Xu,
2012; Merkle and Eggan, 2013). On the other hand, stressful
processes like cell sorting and antibiotic selection are not
required. Yet, its applicability to primary cells and cell types
that cannot be extensively passaged is limited. Furthermore,
the additional culturing periods are time consuming. Even
under ideal circumstances, the isolation of isogenic clones
takes several weeks to months. However, most of the time
is spent waiting for the cells to grow, and during allele quan-
tification procedures, sib selections are cryopreserved, mak-
ing the process easily interruptible. The quantification of
HDR events after each sib selection allows precise workload
calculations for the next step and prevents tedious single-
cell cloning, even if no isogenic cells are present.

In conclusion, we provide a strategy for the scarless
correction of heterozygous mutations by random enrich-
ment of precisely edited cells and their detection via allele
quantification. We propose that the frequency of isogenic
cells can be determined by comparing WT/Mut allele ratios
with two assumptions: no CNV and an error-free correction
of the mutation via HDR. This approach can facilitate the
generation of isogenic control cells, which represent the
gold standard of controls when investigating the influence
of putative disease-causing variants on the disease pheno-
type. Future detailed electrophysiological and molecular
analysis of this in vitro disease model will aid in refining
the paradigm of how SHOX2 mutations influence the onset
and progression of AF by direct genotype-phenotype com-
parison and even has the potential to serve as a platform for
drug discovery and personalized medicine. Compared with
already existing AF models (Benzoni et al., 2019; Marc-
zenke et al., 2017), this would be one using patient-specific
and gene-corrected hiPSCs.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents

Standard cultivation of hiPSCs was performed with 5% CO, at
37°C in a humidified atmosphere. Cells were grown in StemFit,
supplemented with 100 ng/mL basic fibroblast growth factor
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(Peprotech) on a Geltrex LDEV-free, hESC-qualified, Reduced
Growth Factor Basement Membrane matrix (1:100, Thermo Fisher)
according to the manufacturer’s instructions. Cells were dissoci-
ated with TrypLE Express (Gibco).

CRISPR/Cas9 gRNA Design, Off-Target Analysis, and
gRNA Synthesis

gRNA design was performed with the CCTop-CRISPR/Cas9 target on-
line predictor (https://crispr.cos.uni-heidelberg.de/) (Stemmer et al.,
2015) with spCas9, a target-site length of 20 nucleotides, and stan-
dard settings as input (Table S5). Off-targets were predicted with
CCTop using standard settings and the Homo sapiens GRCh37/
hg19 assembly as a reference genome. The top 20 off-target sites
were further evaluated: exonic off-target sites were automatically
included into downstream analysis. For intronic and intergenic
off-target sites, the target sequence coordinates were analyzed in
the UCSC Genome Browser (https://genome.ucsc.edu/). The inclu-
sion criteria for downstream analysis were conservation among
species, DNase clustering, expressed sequence tags, and active
chromatin marks. If a combination of these criteria indicated a po-
tential regulatory relevance of this DNA segment, the off-target site
was sequenced (12 and 11 off-targets per gRNA) (Table S3). gRNAs
were in vitro synthesized with the GeneArt Precision gRNA Synthesis
Kit (Invitrogen) according to the provided protocol and quantified
with the Qubit RNA BR Assay Kit (Invitrogen) on the Qubit 2.0
fluorometer (Invitrogen).

Design of Primers/Probes and Oligonucleotide Donors
ssODNs were designed as previously described (Bollen et al., 2018;
Richardson et al., 2016). The template spanned the Cas9 cut site
asymmetrically with a longer 5 homology arm for improved hy-
bridization (Table S5). The DNA oligo was synthesized and purified
via desaltation by Integrated DNA Technologies. Primers and
probes for the dPCR were designed via Primer3plus (http://
www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and
further evaluated with OligoAnalyzer (http://eu.idtdna.com/calc/
analyzer) and UCSC in silico PCR (http://rohsdb.cmb.usc.edu/
GBshape/cgi-bin/hgPcr). Primers were designed by default for an
annealing temperature of 60°C and TagMan probes for 65°C.
The PCR product length was set to be 90-120 nucleotides
for dPCR or 150-450 nucleotides for NGS (Table SS5). For
quantitative PCR, primers were designed with the Universal Probe-
Library Assay Design Center (Roche) (https://lifescience.roche.com/
en_de/brands/universal-probe-library.html#assay-design-center)
(Table SS5).

Electroporation and Sib Selection

iPSCs were dissociated with TrypLE Express and transfected with
the 4D-Nucleofector System (Lonza) and the P3 Primary Cell 4D-
Nucleofector X Kit S according to manufacturer’s guidelines. For
genome editing, 1 pg of Platinum or Truecut v.2 Cas9 RNP (Invitro-
gen), 250 ng of in vitro synthesized gRNA, and 50 pmol of ssODN
were electroporated into 200,000 hiPSCs using program DN-100.
Cells were seeded at high density posttransfection (50,000 cells/
cm?) and cultured in medium containing 10 uM Y-27632 (ROCK
inhibitor) for the first 24 h Forty-eight hours after transfection,
hiPSCs were dissociated and seeded at 200 cells/well on a precoated
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96-well plate (sib selection). The amount of 200 cells per sib selec-
tion was chosen as a compromise between cell viability upon split-
ting and throughput (the more cells per well, the better) and a cell
pool size that is small enough to also detect smaller isogenic sub-
populations. In a sib selection of 200 cells, the minimum allele fre-
quency is 0.25%. If an overaverage abundance of isogenic cells
(>1% or >2/200 cells) is present, the shift in the allele frequency
would be >0.5%, which we considered to be detectable in dPCR
and NGS. These sib selections were cultured until they reached
~80% confluency (8-10 days) and then dissociated with 30 pL
TrypLE Express per well. Fifteen microliters of the cell suspension
was directly used for DNA extraction with the Quick-DNA 96 Plus
Kit (Zymo Research), the other 15 pL was mixed with 85 puL Bam-
banker (Nippon Genetics) and frozen in a Styrofoam container at
—80°C until further use.

dPCR

The dPCR consisted of 250 nM allele-specific TagMan probes
labeled with FAM (Mut allele) or HEX (WT allele) and 900 nM for-
ward + reverse primers in 1X dPCR Supermix for Probes (Bio-Rad),
containing 50-150 ng of genomic DNA or 50,000 plasmid copies
in a total volume of 22 uL before the generation of droplets was
performed with a QX200 droplet generator according to the man-
ufacturer’s instructions (Bio-Rad). Droplets were immediately pi-
petted into 96-well PCR plates (Bio-Rad), which were heat sealed
and transferred into a C1000 thermal cycler (Bio-Rad). The con-
ducted thermal cycling program consisted of step 1, 95°C
10 min; step 2, 94°C 30 s; step 3, 57°C or 60°C 60 s, repetition
of step 2 + 3 39 times, 98°C 10 min. After completion, the droplets
were analyzed on a QX200 droplet reader (Bio-Rad) using the
Quantasoft software (version 1.7.4.0917). To calculate the per-
centage of WT alleles, WT allele copies/mL was divided by WT
plus Mut copies/mL. We chose sib selections for NGS based on
the percentage of WT alleles and the number of detectable
copies/uL (value given by the droplet reader). We hypothesized
that a high value here indicates a reliable result and a dPCR that
was not inhibited by non-detectable DNA alleles, thus giving a
small range of possible allele ratios.

Next-Generation Sequencing and Analysis

For amplicon-NGS, the target regions spanning the SHOX2 muta-
tions and the Cas9 cut site were amplified using the QS High-Fidel-
ity DNA polymerase (New England Biolabs) or the HotStarTaq po-
lymerase (QIAGEN) according to the manufacturer’s instructions.
Five hundred nanograms of the PCR product in 25 pL was sent
to GENEWIZ, Germany, for single-sample paired-end amplicon
NGS on the HiSeq system (Illumina). To determine gRNA effi-
ciencies and the frequency of HDR upon reverse gene editing,
the provided SNP/indel analysis from GENEWIZ was used. For
allele quantification in sib selections, the .fastq files were uploaded
to the JavaScript-based assessment tool Cas-Analyzer (http://www.
rgenome.net/cas-analyzer/) with the following analysis parame-
ters: comparison range 100 nucleotides, minimum frequency
0.25% of total reads containing both indicator sequences (deter-
mined by setting it to 1 at first, doing the analysis, and then calcu-
lating 0.25% from the total number of reads containing both


https://crispr.cos.uni-heidelberg.de/
https://genome.ucsc.edu/
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://eu.idtdna.com/calc/analyzer
http://eu.idtdna.com/calc/analyzer
http://rohsdb.cmb.usc.edu/GBshape/cgi-bin/hgPcr
http://rohsdb.cmb.usc.edu/GBshape/cgi-bin/hgPcr
https://lifescience.roche.com/en_de/brands/universal-probe-library.html#assay-design-center
https://lifescience.roche.com/en_de/brands/universal-probe-library.html#assay-design-center
http://www.rgenome.net/cas-analyzer/
http://www.rgenome.net/cas-analyzer/

indicator sequences) and no WT marker. The resulting sequence
table was used for manual allele classification (Table S4).

Single-Cell Cloning

Thawed sib selections were dissociated and a cell suspension with
10 cells/mL was generated by serial dilution. The suspension was
mixed 1:50 with ice-cold Geltrex and 100 pL per well (=1 cell/
well) was immediately pipetted on a 96-well plate using multi-
channel pipets. Seventy-two hours after seeding, plates were
screened for single cell-derived clones (Figure S3). Medium was
changed every other day until day 8, when hiPSC colonies were
split onto 2x precoated 96 wells each. After reaching confluency,
one well was subjected to cell lysis with directPCR lysis reagent
(VWR), the other was used for expansion and cryopreservation.

Genotyping

To identify potential isogenic WT clones, single-cell-derived clones
were genotyped in 96-well plates via TagMan probe-based SNP
genotyping using 1x TaqPath ProAmp Master Mix (Thermo
Fisher) according to the manufacturer’s instructions. DNA from
control and patient-specific cells served as positive control for ho-
mozygous and heterozygous WT annotations. Potential isogenic
clones were identified in the allelic discrimination plot.

Subtype-Specific Cardiomyocyte Differentiation
Differentiation into ventricular- (Foo et al., 2018), atrial- (Zhang
et al., 2015a), and nodal-like cardiomyocytes (Liang et al., 2019)
was done as described previously. At day 20, differentiating myo-
cytes were dissociated with papain (Worthington Biochemical Cor-
poration) and analyzed for cTNT" cells by flow cytometry or
further purified with the human PSC-derived Cardiomyocyte Isola-
tion Kit (Miltenyi Biotech) followed by RNA isolation for gPCR an-
alyses or plating on fibronectin-coated dishes for immunohistolog-
ical analysis (detailed methods are described in the Supplemental
Information).

Data and Code Availability

Unprocessed sequencing files (.fastq) have been uploaded to the
NCBI Sequence Read Archive and are available via the accession
no. PRJNA659248 or under https://www.ncbi.nlm.nih.gov/
bioproject/PRINA659248/.
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