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Abstract

Multiplexed assays of variant effect (MAVESs) systematically measure variant function but have
been limited to cancer cell lines rather than disease-relevant cell types. We developed
saturation genome editing in human iPSCs (iPSC-SGE) to introduce variant libraries into a
single allele of a target gene while programming the genetic background of the second allele,
enabling variant assessment across differentiated cell types and genetic contexts at scale. We
edited 1,137 variants into MYBPC3 and measured protein abundance in cardiomyocytes and
cardiac organoids, accurately identifying pathogenic variants, and resolving variants of uncertain
significance. Highlighting the importance of genetic context, we edited 437 POLG variants in two
genetic backgrounds and identified loss-of-function and dominant-negative variants. Finally, we
illuminate a path for scaling iPSC-SGE by identifying 443 disease genes essential for iPSC or
iPSC-derived neuron growth. iPSC-SGE enables systematic assessment of variants in
specialized human cell types, advancing MAVEs to empower genomic medicine.

Introduction

The effects of genetic variation are closely tied to their cell and genetic context. Variants
often cause disease by impacting a particular cell type at a particular point in development. For
example, many genes associated with cardiomyopathies encode structural components of the
sarcomere and are exclusively expressed in cardiomyocytes. Likewise, variant effects often
depend on genetic context, most fundamentally with respect to the interaction between two
copies of the same gene. For a given condition, the specific combination of alleles often defines
phenotypic severity. Thus, accurate measurement of variant functional effects is dependent on
our ability to express variants in differentiated cell types in the context of different genetic
backgrounds.

Editing variants directly into the genomes of cells has enabled the assessment of variant
effects on splicing, cell growth, and other phenotypes at scale. These multiplexed assays of
variant effect (MAVEs) with endogenous genome editing have been instrumental in
understanding variant impacts on tumor suppressor function [1-9] and tackling variants of
uncertain significance (VUS), which arise when a genetic test reveals a variant but there is not
enough information to interpret the variant as pathogenic or benign. VUS cannot be used to
diagnose disease or guide therapy and there are over 800,000 missense VUS in well
established disease genes currently in ClinVar (Figure 1A)[10,11]. Unfortunately, most current
scaled endogenous genome editing strategies employ cancer-derived or non-human cell lines
and thus cannot readily be applied to most clinically relevant genes because these genes
encode proteins which function in differentiated cell types (Figure 1B). Moreover, editing-based
MAVEs have largely been deployed in haploid cells which cannot consider the combined effect
of both alleles for recessive disorders, nor measure dominant negative phenotypes.

Human induced pluripotent stem cells (iPSCs) offer a solution to these limitations by
enabling variant assessment in diploid contexts across differentiated cell types. iPSCs preserve
the genetic architecture necessary for measuring recessive and dominant negative phenotypes
while providing access to cell types where disease-relevant genes are expressed and function.
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Moreover, because regulatory sequences are left intact, endogenous editing in iPSCs maintains
physiologic expression levels during differentiation and avoids silencing often observed with
transgenic approaches in differentiated cells. However, large-scale variant effect experiments in
iPSCs have been limited by inefficient[12—14] or non-specific editing approaches[15].

Here, we develop saturation genome editing in human iPSCs (iPSC-SGE), a method
that leverages homology-directed repair (HDR) to replace endogenous gene segments while
simultaneously installing selectable markers and reporters. iPSC-SGE enables assessment of
variant effects at the endogenous locus across cell types and genetic contexts. We show that
iPSC-SGE supports scaled experiments by editing a total of 1,574 variants into two genes, a
~14-fold increase compared to the state of the art [12]. We edited 1,137 variants into two exons
of MYBPC3, where pathogenic variants are the most common cause of familial hypertrophic
cardiomyopathy. We differentiated MYBPC3-edited iPSCs into cardiomyocytes and measured
MYBPC3 variant protein abundance, accurately identifying pathogenic variants and enabling
resolution of 67% of VUS. We also created MYBPC3 variant-bearing cardiac organoids,
recovered and scored all variants, demonstrating the feasibility of MAVEs in 3D organoids. We
mapped essential binding interface residues required for MYBPC3 integration into the cardiac
sarcomere and show that variant effect predictors perform poorly at these positions further
highlighting the value of measuring variant effects in cell type context. We edited 437 variants
into POLG, which encodes the DNA polymerase required for replicating the mitochondrial
genome. Pathogenic POLG variants are a leading cause of inherited mitochondrial depletion
syndromes, and are inherited in both autosomal dominant and recessive manners. Leveraging
iPSC-SGE to measure POLG variant effects on cell growth in iPSCs with multiple POLG
background alleles, we identify 117 loss of function (LOF) and 23 dominant negative variants.
Finally, we illustrate the generalizability of our approach by identifying 443 disease-relevant
target genes for iPSC-SGE with a growth phenotype in iPSC or neurons, demonstrating
efficient, one-step, biallelic editing, and developing a strategy to replace whole genes spanning
tens of kilobases. iPSC-SGE enables multiplexed assays for genes best phenotyped in
specialized cell types and facilitates variant effect mapping in multiple, endogenous genetic
backgrounds.

Results

Saturation genome editing of over 1,500 variants into induced pluripotent
stem cells (iPSC) with iPSC-SGE

To harness the power of iPSCs to assess variant effects in differentiated cell types and in
the diploid genetic context we developed iPSC-SGE, a two-step strategy to edit a library of
variants into a target gene on a specific genetic background. In the first step, one allele of the
target gene, referred to as the background allele hereafter, is modified to install an antibiotic
resistance cassette to enable selection for integrants, a terminal GFP fusion to select for
in-frame edits and a specific genetic background (e.g. reference, null, or a pathogenic missense
variant) (Figure 1C, Supplementary Figure 1A). iPSC-SGE repair templates are designed with
a 100-200 base intronic deletion directly adjacent to the Cas9 cut site to enrich HDR events that
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contain the full repair template and prevent cleavage of the background allele in subsequent
steps. Antibiotic resistant, GFP positive cells harboring in-frame background allele edits are
isolated, with the addition of CRISPR activation to induce transient expression of the target
gene if it is not natively expressed in iPSCs [12]. We isolated multiple clonal lines for each target
gene, sequence verified each background allele with nanopore sequencing, and validated
differentiation potential. In the second step, HDR is used to integrate the variant library
specifically into the second allele, targeting the region that was deleted in the background allele.
Variant library repair templates have mApple directly fused or co-expressed with the target gene
to enable selection of on-target edits.

We applied iPSC-SGE to MYBPC3 and POLG, introducing exon scale saturation variant
libraries totaling 1,574 single nucleotide variants (SNVs). We edited MYBPC3 saturation
libraries into WTC-11 cells bearing a wild type background allele because pathogenic variants
have an autosomal dominant inheritance pattern (Figure 1D). Our libraries spanned exons 32
and 33 encoding the MYBPC3 C10 domain, a hotspot for pathogenic missense variants [16].
We also varied flanking intronic sequences (Supplementary Figure 1B). Edited iPSCs
contained 1,137 (100%) of the designed SNVs. We edited a POLG saturation library spanning
exon 16 and flanking intronic sequence into iPSCs with both null and partial function (W748S)
background alleles to assess both loss of function (LOF) and dominant negative phenotypes
(Supplementary Figure 2A, B). POLG edited iPSCs contained 437 (99.8%) of the 438
designed SNVs. This represents a ~14-fold increase in the scale of variant libraries edited into
human stem cells in a single experiment (Figure 1D) [13,17-19] libraries on multiple
backgrounds, a feat not previously achieved.
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IPSC-SGE identifies LOF variants in MYBPCS3 in cardiomyocytes and
cardioids

MYBPC3 encodes cardiac myosin binding protein C3, which is exclusively expressed in
cardiomyocytes and serves as a key structural component of the sarcomere, modulating
cardiomyocyte contraction. Autosomal dominant pathogenic variants in MYBPC3 are the
leading cause of familial hypertrophic cardiomyopathy (HCM) [20,21]. The MYBPC3 iPSC
libraries we created enable phenotyping of MYBPC3 variants after differentiation to
cardiomyocytes. An established pathogenic mechanism for missense variants in the C10
domain is reduced incorporation into the sarcomere due to loss of protein stability and,
consequently, cellular abundance [22]. To model dominant cardiomyopathy associated variants,
we differentiated edited iPSCs to cardiomyocytes following a modified monolayer, small
molecule directed differentiation protocol [12] (Figure 2A). The MYBPC3-GFP fusion encoded
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by the reference background allele had the anticipated sarcomere localization pattern in all
cardiomyocytes. The variant MYBPC3-mApple fusions, encoded by the SNV alleles, had
phenotypes ranging from wild type abundance and normal sarcomere localization to loss of
abundance with a dim and diffuse pattern (Supplementary Figure 3).

To quantify the abundance of each MYBPC3-mApple variant relative to wild type
MYBCP3-GFP, we sorted cardiomyocytes into one of four bins based on the mApple to GFP
ratio. Variant abundance scores were calculated by taking the weighted average of the variant’s
frequency in each bin and normalized across exons by setting the median of the synonymous
distributions to 1 and the median of the nonsense distributions to 0 [23] (Figure 2A). We
classified variants as normal, low, or indeterminate abundance using the distribution of
synonymous variants.

Abundance scores for the 1,137 SNVs were bimodally distributed, with nonsense and
canonical splice site variants separating from synonymous and intronic variants (Figure 2B,C).
All nonsense and canonical splice site variants were low abundance along with 219 missense
and 16 intronic splice region variants (Figure 2B and 2C). Our abundance scores were
concordant with variant classifications in the ClinVar database, with 26 of the 28 pathogenic or
likely pathogenic (PLP) variants scoring as low abundance and two as indeterminate. 59 of the
63 benign or likely benign (BLB) variants were normal abundance, three were indeterminate,
and one was low abundance (Figure 2D). 77 of the 178 VUS in this region were low
abundance, 22 were indeterminate, and 79 were normal abundance (Figure 2E,
Supplementary Table 1).

In vivo, cardiomyocytes are embedded in the complex tissue of the heart among
additional cell types, and subject to significant forces that relate to the pathogenesis of
cardiomyopathy. To recapitulate these interactions, cardiac organoids (cardioids) have been
employed for drug screening[24,25] and to assess the effects of single variants[26,27]; however,
library-scale variant effect experiments have not been performed. Leveraging our ability to
create precisely defined variant libraries, we generated cardioids from iPSCs harboring the
MYBPC3 exon 32 variant library. These cardioids consist of cardiomyocytes (MYL7 (Figure 2F),
MYBPC3-GFP (Figure 2G)), endothelial cells (PECAM1 (Figure 2F)), and other biologically
relevant cardiac cell types [28]. We dissociated the cardioids and sorted single cells into GFP
positive/mApple negative, and GFP positive/mApple positive bins to generate MYBPC3 cardioid
abundance scores. We detected all 498 exon 32 SNVs in cardioids and the cardioid-derived
abundance scores were highly correlated with monolayer-derived scores (Figure 2H). Together,
these results demonstrate that MYBPC3 abundance does not appear to depend strongly on
tissue context and that unlike other organoid models, cardioids do not pass through a severe
bottleneck limiting the number of cells harboring variants, making them amenable to MAVEs[29].
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iPSC-SGE reveals context-dependent structural features of MYBPC3

Despite decades of research studying MYBPCS3's roles in hypertrophic cardiomyopathy,
much remains unknown about how pathogenic MYBPCS3 variants cause disease. As a result,
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clinicians are hesitant to classify missense variants as pathogenic, perpetuating the VUS
problem for this gene. MYBPC3 binds actin and myosin during contraction and acts as a brake,
limiting contractile force[30-33]. The C10 domain is a C-terminal Ig-like domain that binds to the
MYH?7 light meromyosin (LMM) tails, anchoring MYBPC3 to the myosin filament [34] [35]. Five
charged residues at positions R1205, D1220, D1224, R1241, and K1242 have been shown to
be essential for MYH7 binding in a biochemical binding assay[36]. Recent structural analysis
has shown that C10 binding is modulated by electrostatic interactions of the negatively charged
MYH7 LMM tail residues and the positively charged C10 residues[37].

Our functional data reinforces the importance of this electrostatic interaction at the
interface between the C10 domain and the MYH7 LMM tails. The maijority of low abundance
missense variants in the C10 domain occur at buried hydrophobic residues and likely disrupt
Ig-like domain folding (Figure 3A, B). However, low abundance missense variants that occur on
the surface are enriched at the MYH7 LMM interface (Figure 3A, B; Supplementary Figure
4A). Each of the nine positively charged residues with close physical contact to the MYH7 LMM
had variants that reduced MYBPC3 abundance (Supplementary Figure 4A, B) consistent with
the essential role of R1205, R1241, and K1242 for myosin binding.

In addition to mapping MYBPC3 residues critical for sarcomere integration, our
functional scores offer insights into the limitations of variant effect predictors for structural
proteins. While MYBPC3 iPSC-SGE and predictors are overall in agreement (Pearson’s R
0.42-0.67 and Supplementary Figure 5), there are important differences. Variant effect
predictors for MYBPCS3 predict more variants as deleterious compared to our functional data.
iPSC-SGE-derived abundance score and AlphaMissense prediction discordance is greatest at
exposed residues (Figure 3C) with AlphaMissese predicting many normal abundance variants
to be deleterious at residues facing away from the MYH?7 interface (Figure 3C, Supplementary
Figure 6). Charged residues facing the MYH?7 interface had the opposite pattern where many
low abundance variants are predicted to be tolerated by predictors (Figure 3C, Supplementary
Figure 7A). Our results are consistent with the resolved myosin filament structure[37] and the
expectation that mutating charged MYBPC3 interface residues will disrupt binding with MYH?7.
This discrepancy is likely due to predictors lacking contextual awareness for the binding
interfaces for structural proteins like MYBPC3.
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Cell context-specific MYBPCS3 variant effect measurements have high
clinical utility

Although pathogenic variants in MYBPCS3 are the leading cause of familial HCM [20,21],
clinical classification of missense variants remains challenging and as a result there are
currently 1,670 VUS in ClinVar. Classifying MYBPCS3 variants is difficult because many
commonly used sources of evidence are not useful. For example, since HCM is common,
affecting about 1 in 500 adults [38], an individual diagnosed with HCM produces little evidence
towards variant pathogenicity (https://cspec.genome.network/cspec/ui/svi/doc/GN095). Since
pathogenic variants have variable penetrance [39,40], family studies can be uninformative.
Moreover, variant effect predictions are unreliable at interaction interfaces (Figure 3C). The
iPSC-SGE abundance scores separate pathogenic and benign variants with near perfect
accuracy, suggesting that these scores could provide much needed evidence for MYBPC3
variant classification.
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To determine how much evidence our MYBPC3 iPSC-SGE abundance scores could
provide for variant classification, we calibrated the data using known pathogenic and benign
variants [41]. Our abundance scores correctly identified PLP variants as low abundance and
BLB as functionally normal, equating to strong evidence (Oddspath = 58.5) for low abundance
variants toward pathogenic classifications and strong evidence (Oddspath = 0.04) for
functionally normal variants towards benign classifications (Supplementary Table 1).

We applied calibrated functional evidence to 43 VUS in the MYBPC3 C10 domain from
two clinical sources to assess the proportion of VUS that can potentially be resolved with
functional data. Of these, 25 VUS were low abundance, 16 were normal, and 2 were
indeterminate (Figure 3D, Supplementary Table 2). The majority of the low abundance VUS
were located in buried residues that are also predicted to disrupt the Ig-like domain fold. In
contrast, the normal abundance VUS largely occurred at exposed residues with no low
abundance variants (Supplementary Figure 8A, B). Addition of our functional evidence would
enable the reclassification of 67% of the 43 VUS, 13 to likely pathogenic, and 16 to benign or
likely benign (Figure 3E and Supplementary Table 2). The remaining 14 VUS either had
indeterminate abundance scores (14%) or lacked sufficient additional evidence beyond the
functional data (86%).

Use of functional data generated in the correct cell context was a key enabler of our
ability to reclassify VUS. For example, an individual evaluated at the University of Washington
Adult Genetics Clinic was found to have an inherited R1205W variant and classic HCM with an
abnormally thick interventricular septal wall (Supplementary Figure 8C). However, R1205W
could not be classified as likely pathogenic due to conflicting variant effect predictions
(Supplementary Figure 5), preventing at-risk family members from undergoing genetic testing
and follow-up screening. Indeed, R1205 is a positively charged residue in contact with a
negatively charged patch of the MYH7 LMM where we demonstrated that predictors perform
poorly[37] (Supplementary Figure 4C). R1205W was low abundance in our assay, and addition
of strong pathogenic evidence overcame the conflicting predictor evidence. Without our
cell-type-correct abundance data, this variant and others like it would likely remain VUS,
preventing patients and their families from being appropriately counseled about their HCM risk.

Variant effect measurements in two genetic contexts reveal loss of function
and dominant negative variants in POLG

POLG is a nuclear gene that encodes the DNA polymerase required for replicating the
mitochondrial genome[42]. Pathogenic POLG variants cause inherited mitochondrial depletion
syndromes, resulting in a range of neurological disorders with differing symptoms and severity.
Moreover, pathogenic POLG missense variants have been associated with both dominant and
recessive disease, making them difficult to test using current multiplexed assays[43]. Because
POLG is essential in human pluripotent stem cells[44], we measured the effect of 437 variants in
exon 16 on cellular fitness in the background of a POLG null and partial function allele. (Figure
4A). The POLG iPSC variant libraries were harvested 14 days after sorting for the fluorescent
tags marking correctly edited variant libraries and variants were scored for their effect on fithess
by comparing their abundance after the outgrowth to the starting plasmid library. We used the
distribution of synonymous variants to classify variants as either depleted or functionally normal.
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In cells with a null POLG background allele, all nonsense and canonical splice site
variants were depleted along with 95 missense and 4 intronic variants (Figure 4B, C;
Supplementary Table 3). All 34 BLB variants were functionally normal and 15 of 16 PLP were
depleted (Figure 4D). With the exception of two splice region variants, all iPSC-SGE depleted
variants had deleterious scores across the five predictors (Supplementary Figure 9).

In cells with a partial-function W748S background POLG allele, only 23 variants were
depleted, all of which were missense. These variants occurred at 12 residues spanning amino
acid positions 847 to 866 (Figure 4E), which make up the junction of the polymerase thumb and
palm subdomains. These residues are involved in binding of the polymerase domain to template
and nascent DNA strands[45]. Disruption of contacts made by two of these residues, T851 and
R853, with DNA causes dominant cell growth defects in diploid yeast, suggesting that these
residues are critical to mitochondrial health even in the context of a functioning second
allele[46,47]. Further, additional dominant variants have been described in the polymerase
domain[48], leading to the hypothesis that disrupted DNA binding leads to replication fork
stalling, DNA damage, and depletion of mitochondrial DNA[46]. These variants occur primarily
at arginine, serine, threonine, and asparagine residues known to interact with charged
phosphate groups of the DNA backbone and are in close contact to both the template and newly
synthesized DNA strands[49,50] (Figure 4F). Thus, we conclude that the 23 depleted missense
variants act as dominant negatives on the partial-function W748S background.

Three of the POLG dominant negatives in our assay have been reported in individuals
with adult onset phenotypes (T851A, R853W, and N864S) [51-53]. Our data suggests that
heterozygous carriers of these dominant negatives may be at increased risk of developing adult
onset POLG related disorders and would likely benefit from neurology evaluation. While all of
the dominant negatives were depleted in the null background experiment, the addition of
dominant negative evidence enables more effective genetic counseling and risk assessment for
carriers.
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Generalizing iIPSC-SGE to hundreds of targets

iPSC-SGE enables saturation scale variant effect measurement in iPSCs and their
derivative cell types. To enable the broad application of iPSC-SGE to many genes we used
CRISPR screens to identify multiplexible, cell fitness phenotypes in iPSCs and iPSC derived
neurons, developed an engineering-free iPSC-SGE workflow that eliminates the need to create
iPSC lines with defined background alleles, and demonstrated gene-sized repair template knock
in.
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To discover disease associated genes amenable to iPSC-SGE with a cellular fithess
phenotype, we performed a CRISPR knock-out screen targeting 4,502 clinically-relevant genes
in WTC-11 Ngn2 iPSCs, which can be readily differentiated into neuron-like cells. Our target
gene list included genes associated with disease in the GenCC database[11], genes suspected
to be associated with neuronal disease from genetic testing panels or, as controls, genes known
to be essential in neurons[54,55]. We focused on neurological disease genes since they
represent the largest number of VUS in ClinVar that are not accessible by HAP1 SGE (Figure
1B). Each gene was targeted by two validated gRNAs[56] (Supplementary Table 4), which
were transduced at low MOI and sequenced after three weeks in iPSC culture (Figure 5A). We
identified 592 significantly depleted and 21 significantly enriched genes in iPSCs (Figure 5B,
Supplementary Table 5). Of the depleted genes which were also assessed in a HAP1
essentiality screen[57], 224 were essential only to iPSCs and 367 were essential in both cell
lines (Figure 5C). Since all the genes in this screen are disease associated, these iPSC
essential genes represent 224 new clinically relevant targets for SGE that are likely to have a
cell fitness phenotype in iPSCs. In general, HAP1 cells were more reliant on oxidative
phosphorylation and iPSCs were more reliant on processes regulating gene expression and
protein translation (Supplementary Figure 9A).

To identify disease-associated genes essential for neuronal differentiation or viability, we
differentiated the transduced iPSCs into neuron-like cells after iPSC essential genes had
dropped out of the population (Figure 5D). We identified 338 significantly depleted and one
significantly enriched gene (ZBTB18) (Figure 5E). The neuron essential genes were enriched
for known neuronal disorders, demonstrating the applicability of neuron viability to assess
variants associated with neuronal conditions (Figure 5F). In total, our CRISPR screen identified
443 genes specifically essential to iPSC and/or iPSC-derived neuron survival, identifying gene
targets for iPSC-SGE with a total of 95,350 current VUS.
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To both validate our CRISPR screen results and highlight a potential dual editing
strategy, we edited a pathogenic missense variant into ZBTB18, an enriched hit gene from the
essentiality screen in neurons, to simultaneously make homozygous and heterozygous iPSCs.
Our MYBPC3 and POLG iPSC-SGE assays employed a sequential editing strategy where we
engineered cell lines with desired background alleles then performed iPSC-SGE on the second
allele. Generating background allele cell lines represents a workflow bottleneck, so we targeted
both the background and variant alleles simultaneously in a single editing step. We generated
dual editing vectors by constructing repair templates bearing either wild type ZBTB18 or with the
pathogenic R464H variant and fluorescent and drug selectable markers. We simultaneously
knocked in either wild type/R464H or R464H/R464H and selected for double knock-in cells
(Figure 6A). 19.5% of the ZBTB18 edited cells had both alleles knocked in and were sorted to
yield a population of correctly edited cells (Figure 6B). Our one step editing strategy
dramatically decreases the time required, yielding results within 28 days as opposed to several
months for the clonal background allele workflow (Figure 6C).

Neither heterozygous nor homozygous ZBTB18 R464H iPSC lines exhibited any obvious
growth or morphological phenotypes. However, upon neuronal differentiation, homozygous
R464H cells had larger cell bodies and fewer cell projections than heterozygous cells (Figure
6D). Additionally, the R464H homozygous cells continued to divide throughout differentiation
whereas the heterozygous cell stopped dividing during maturation (Figure 6D). The
inappropriate cell division validates the CRISPR screen result and represents a cell fitness
phenotype for ZBTB18 iPSC-SGE.
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iPSC-SGE requires assembly of large repair templates. Standard cloning workflows limit
the size of these repair templates, which must include introns and the selectable markers
required for iPSC-SGE, to ~15 kb of sequence. This confined our assays on MYBPC3 and
POLG to the 3’ end of these genes. We overcame this limitation using the yeast recombineering
“big DNA” workflow [58,59] to enable gene-scale repair templates for iPSC-SGE. We assembled
MYBPC3 big DNA repair templates spanning the entire genomic sequence from exon 2 to exon
34 using a bacterial artificial chromosome (BAC) containing all of MYBPC3 and synthesized
DNA fragments containing homology arms and selectable markers needed for HDR and
selection of correct edits (Figure 6E). We edited a reference MYBPC3-GFP big DNA repair
template into WTC-11 cells, followed by differentiation into cardiomyocytes. The cardiomyocytes
expressed the edited MYBPC3-GFP with green signal localized to sarcomeres, demonstrating
on-target editing and correct expression pattern (Figure 6F).
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Discussion

Multiplexed assays of variant effect are revolutionizing precision medicine by generating
functional evidence for variants that can illuminate the biology of genes, proteins and cells,
reveal variant pathomechanism, and reduce the uncertainty limiting clinical genetics. However,
the majority of MAVEs so far have been conducted in utilitarian cancer derived cell lines that do
not account for cell or genetic context. Moreover, most human disease genes have phenotypes
that are best evaluated in the relevant differentiated cell types. To address these limitations, we
developed iPSC-SGE, an HDR based method for editing variants into iPSCs and measuring
their effects in differentiated cell types. We developed an approach that enables efficient editing
of iPSCs and used it to introduce 1,574 variants in MYBPC3 and POLG on different genetic
backgrounds, an ~14-fold increase compared to previous approaches. We phenotyped these
variants using several approaches, demonstrating that cell and genetic context is critical.
Testing MYBPC3 variants in cardiomyocytes enabled us to measure sarcomere-dependent
variant effects and provides evidence for clinical labs to resolve 67% of VUS. Testing POLG
variants on both null and partial function genetic backgrounds revealed both LOF variants and
dominant negative variants. We also used a CRISPR screen to identify 443 potential iPSC-SGE
target genes with growth phenotypes in iPSCs or iPSC derived neurons, demonstrating the
generalizability of iPSC-SGE. We illustrated its scalability by substantially increasing the
efficiency of biallelic editing and by enabling whole gene replacement with big DNA technology.
Thus, iPSC-SGE overcomes several key barriers to the broad application of MAVEs by enabling
assays in specialized cell types and multiple genetic contexts.

The editing approach that underlies iPSC-SGE improves upon other HDR-based
methods by dramatically increasing scale, accommodating genetic markers that enable
downstream assays and allows facile identification of on-target edits, while also preserving
introns so splice effects can be measured. iPSC base editor approaches have also been
developed, including for MYBPC3 [15]. However, base editors target both alleles and install
diverse variants across the editing window, making variant effects challenging to interpret and
prone to noise. Our approach allows for precise control over SNV integration, ensuring
introduction of a single SNV in the targeted allele while maintaining the specified background
allele.

iPSC-SGE has several limitations. First, although we demonstrated high efficiency
editing across three genes, editing rates were locus specific and saturation genome editing may
be challenging at other loci. However, we note that MYBPC3 is silenced and likely
heterochromatinized in iPSCs, and yet we achieved saturation editing for multiple exons
suggesting broad applicability. Furthermore, we demonstrated the feasibility of editing using a
~35kb MYBPC3 big DNA repair template at that locus. Genes that are larger than MYBPC3 may
pose a more significant challenge to repair template synthesis and HDR efficiency, which may
require further gene-specific optimizations. While our editing approach simplifies the editing
workflow by using the same backbone repair template for a given gene, each exon library is
introduced in an individual experiment and performing iPSC-SGE for an entire gene may require
many experiments. Finally, endogenous genome editing helps maintain endogenous expression
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levels of variants, but the fluorescent markers and antibiotic resistant cassettes introduced at
the 3’ end of the repair templates could influence gene expression levels.

By enabling MAVEs in specialized cell types and specific genetic contexts iPSC-SGE will
transform how variant effects are measured. For example, massively parallel reporter assays
that assess the effect of noncoding variants using transcriptional reporter assays do not always
faithfully recapitulate variant effects in the absence of surrounding genomic sequence [60].
iPSC-SGE preserves noncoding sequences, meaning that noncoding variant effects can be
measured in context. In addition, MAVEs have been performed on single genetic backgrounds,
but iPSC-SGE, especially in combination with gene-scale repair templates allows exploration of
variant effects on multiple backgrounds including interaction between coding and noncoding
variants. For example, MAVEs of coding genes could be performed in the presence of common
noncoding variants from risk and protective haplotypes identified by GWAS. More broadly,
iPSC-SGE overcomes the cell and genetic context hurdles, enabling MAVEs across diverse cell
types with programmed genetic backgrounds.
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Supplementary Figure 9:
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Figure Legends

Figure 1: Saturation genome editing (SGE) in iPSCs. A) Unique ClinVar missense variants
plotted annually by clinical significance. Variants are included from genes in the GenCC
database[11] with at least moderate evidence of gene-disease association. Pathogenic/Likely
pathogenic and Benign/Likely benign variants were included in the “Likely” category only. B) A
stacked barplot of VUS colored by genetic testing panel indication. C) Schematic of the
iPSC-SGE editing workflow; the background allele is first edited to fuse a GFP to the target
gene and insert a small deletion (represented by the orange box in the cell on the right) to
prevent cutting when the SNV library is introduced. SNVs are then edited into the second allele
fused to mApple and an antibiotic selection cassette. D) The actual and expected number of
SNVs introduced into exon 16 of POLG and exons 32 and 33 of MYBPC3 with iPSC-SGE
compared to the maximum number of variants from other iPSC multiplexed editing studies.

Figure 2: Measuring the effect of MYBPC3 variants on protein abundance in
cardiomyocytes. A) Schematic of the MYBPC3 genomic locus shows a GFP-fused to the
reference allele and the mApple fused to the SNV library edited into the second allele. Edited
iPSCs are differentiated into cardiomyocytes using a monolayer protocol [12] and cells are
sorted according to the mApple/GFP ratio. B) Abundance scores for MYBPC3 variants by
transcript position with SNVs colored by molecular consequence. The bases encoding the C10
domain are labeled. C) Histogram of MYBPC3 abundance scores colored by molecular
consequence. Vertical dotted lines represent the thresholds for the functional classes. D)
Histogram of MYBPC3 abundance scores for ClinVar variants colored by classification. E)
Histogram of MYBPC3 abundance scores for ClinVar VUS. F) Cardioid at day 10.5 of
differentiation, sectioned and stained for nuclei (DAPI; blue), PECAM1 (green) and MYL7
(magenta). G) Cardioids expressing an MYBPC3-GFP fusion. H) Abundance scores for
MYBPC3 variants from the 2D monolayer cardiomyocytes vs. 3D cardioids colored by molecular
consequence.

Figure 3: MYBPC3 abundance scores are concordant with structural features and have
high clinical utility. A) The structure of MYBPC3 on a myosin filament (left) and zoomed-in
(right) (pdb_00008g41)[37]. The MYBPC3 backbone is grey with the C10 domain colored by
indicated features. The number of low abundance SNVs at each amino acid is depicted by the
size of the sphere at the beta-carbon. B) A heatmap of mean abundance scores for amino acid
substitutions grouped by chemical properties for each codon position. Beta strands are mapped
above and each amino acid position is colored by indicated structural features. C) A scatter plot
of abundance scores vs. AlphaMissense scores[61] colored by molecular consequence. D) A
histogram of VUS from Ambry Genetics and the University of Washington Medical Center[62].
E) A donut plot of VUS that could be reclassified with addition of functional evidence.

Figure 4: Measuring the effect of POLG variants on cellular fitness in iPSC. A) Schematic
showing the background alleles for the POLG saturation genome editing. The exons 16 SNV
library was edited in the null background (left) and partial function W7488S allele (right). Loss of
function variants become depleted from the edited population. A Venn diagram shows the

26


https://paperpile.com/c/ddGE2j/WDHQ
https://paperpile.com/c/ddGE2j/0D1l
https://paperpile.com/c/ddGE2j/IKw7
https://paperpile.com/c/ddGE2j/5K7q
https://paperpile.com/c/ddGE2j/0ri0
https://doi.org/10.1101/2025.11.12.25340127
http://creativecommons.org/licenses/by/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.11.12.25340127; this version posted November 14, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY 4.0 International license .

number SNVs depleted in the null vs. W748S background. B) Fitness scores for POLG variants
by genomic coordinate in the null genetic background with SNVs colored by molecular
consequence. C) Histogram of all POLG fitness scores in the null genetic background colored
by molecular consequence. Vertical dotted lines represent the thresholds for the functional
classes. D) Histogram of POLG fitness scores for ClinVar variants colored by classification. E)
Fitness scores for POLG variants by genomic coordinate in the W748S background with SNVs
colored by molecular consequence. F) Structure showing the POLG polymerase domain bound
to DNA (pdb_00008d33). The polymerase domain backbone is gray and DNA is blue and
dominant negative positions have gold spheres. The number of depleted SNVs at each amino
acid in the W748S background is depicted by the size of the sphere at the beta-carbon. Residue
labels are red at positions with dominant fitness effects in yeast [47].

Figure 5: A CRISPR screen identifies disease associated genes that are essential in iPSC
and iPSC-derived neurons. A) Schematic of CRISPR screen for iPSC cellular fitness. iPSC
(WTC-11-Ngn2-Cas9) are transduced with a library of guide RNAs targeting 4,502 genes. After
selection for guide integration with blasticidin, iPSCs are cultured for 3 weeks and guides are
sequenced and scored vs. sgRNA plasmid library. B) Volcano plot of gene log2 fold change in
day 21 iPSC (WTC-11-Ngn2-Cas9) vs. -log10 p-values. Significantly depleted or enriched genes
are colored pink and blue respectively. C) Comparison of knock out screen effect sizes for
genes in iPSC vs. HAP1[57], points colored as indicated. D) Schematic of iPSC-derived neuron
CRISPR screen. Surviving cells from the WTC-11-Ngn2-Cas9 screen (A-B) were induced to
differentiate into neurons [63]. Neuron differentiation is carried out until day 21 and guides were
sequenced and scored from surviving cells. E) Volcano plot gene fold change in day 21 after
neuron induction vs. iPSCs vs. -log10 P values, colors and thresholds as in B. F) Gene set
enrichment highlighting the most significantly enriched phenotypes using Enrichr combined
score [64] in neuron essential genes.

Figure 6: Approaches to generalize and scale iPSC-SGE. A) Schematic of dual editing
strategy to simultaneously edit iPSC (WTC-11-Ngn2-Cas9) with ZBTB18 wild-type(WT)/R464H
or R464H/R464H alleles. B) FACS plot of GFP vs. mApple intensity of dual-edited iPSC. C)
Timeline of selection for ZBTB18 edited cells and neuronal induction. D) Brightfield photos of
iPSC edited with ZBTB18 wild-type(WT)/R464H or R464H/R464H alleles at 7 and 14 post
induction. Scale bar indicates 20 um. E) Schematic of the strategy for cloning the full length
MYBPC3 gene into a bigDNA construct followed by iPSC editing and cardiomyocyte
differentiation. F) Brightfield (top) and fluorescent (bottom) image of big DNA-edited
cardiomyocyte expressing MYBPC3. Scale bar indicates 25 ym.

Supplementary Figure 1: MYBPC3 iPSC-SGE repair templates. A) Reference background
allele including meGFP fusion and puromyosin resistance cassette. Repair template has the 3’
homology arm deleted from the intronic sequence adjacent to exon 28. B) SNV allele repair
template backbone that targets the deleted region from the background allele repair template
that is still present in the wild type allele. The 3° homology arm is also deleted from the intronic
sequence adjacent to exon 28 to ensure HDR with the full repair template. SNVs were
introduced into exon 32 or 33 and flanking intronic sequences.
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Supplementary Figure 2: POLG iPSC-SGE repair templates: A) Reference background allele
including meGFP fusion and puromyosin resistance cassette. W748S repair template has the 3’
homology arm deleted from the intronic sequence adjacent to exon 11. Null repair template
deletes exons 11-22 and fuses meGFP to in frame deletion product. B) SNV allele repair
template backbone that targets the deleted region from the background allele repair template
that is still present in the wild type allele. The 3° homology arm is also deleted from the intronic
sequence adjacent to exon 11 to ensure HDR with the full repair template. SNVs were
introduced into exon 16 and flanking intronic sequences.

Supplementary Figure 3: MYBPC3 iPSC-SGE cells. iPSC colony imaged after blasticidin
selection for SNV allele integration. Cells were then differentiated to cardiomyocytes and
dissociated and plated sparsely for imaging at differentiation day 20. Top row shows a
representative wild type like cell with GFP and mApple signal localizing to sarcomeres. Bottom
row shows a reduced abundance variant with normal GFP signal but very dim and diffuse
mApple signal. Scale bar indicates 25 pm.

Supplementary Figure 4: Disruption of MYBPC3 electrostatic potential causes reduced
abundance. A) MYBPC3 C10 domain (gray backbone) with spheres representing charged
residue beta carbons. The size of the sphere indicates the number of reduced abundance
variants at that position. Reference negative charged residues are red and reference positive
charged residues are blue. MYH?7 tails are represented as a surface colored by electrostatic
potential. B) Box plots representing variant scores are charged residues. Horizontal dashed line
represents reduced abundance threshold. Yellow dots are exposed at the MYH7 interface and
orange dots are exposed but not at the MYH7 interface. C) Exposed residue variants impacting
electrostatic potential of C10 domain.

Supplementary Figure 5: MYBPC3 iPSC-SGE correlation with variant effect predictors.
Abundance scores are plotted agains VEP scores from CADD, AlphaMissense, REVEL, EVE,
and MutPred2 [61,65-68]. Pearson’s r is indicated in each plot.

Supplementary Figure 6: Positional discordance patterns between MYBPC3 abundance
scores and AlphaMissense. Blue boxes represent variants with AlphaMissense scores above
0.564 (predicted deleterious) and normal abundance scores. Green boxes represent variants
with Alphamissense scores below 0.564 and low abundance scores. Heatmap is separated by
reference amino acid class as in Figure 3. Each reference group is projected individually on the
MYBPC3 structure with MYH7 LMM surface. Spheres represent beta-carbons at the discordant
amino acid positions, where sphere color represents the direction of discordance, and sphere
size indicates the number of discordant variants at that position.

Supplementary Figure 7: Charged residue discordance between MYBPC3 abundance and
AlphaMissense. A) Reference positive amino acids with discordant scores represented with
spheres. Blue spheres represent variants with AlphaMissense scores above 0.564 (predicted
deleterious) and normal abundance scores. Green spheres represent variants with
Alphamissense scores below 0.564 and low abundance scores. MYH7 LMM surface
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electrostatic potential is represented where red is more negative and blue is more positive. B)
Reference negative amino acid discordant positions represented as in A.

Supplementary Figure 8: VUS reclassification follows positional abundance patterns. A)
MYBPC3 abundance scores represented on MYBPC3 structure with MYH7 LMM surface.
Spheres represent beta-carbons for assayed positions. Red spheres represent positions with
more low abundance scores than normal abundance and blue spheres represent positions with
more normal abundance scores than low abundance. Sphere size represents the difference. B)
VUS reclassifications represented on the structure. Light blue represents VUS to LB, red
represents VUS to LP, and gray represents VUS to VUS. Size of the sphere corresponds to
reclassified VUS count. C) Echocardiograms of UWMC patients with indicated MYBPC3
variants

Supplementary Figure 9: POLGiPSC-SGE correlation with variant effect predictors. POLG
fitness scores are plotted against VEP scores from CADD, AlphaMissense, REVEL, EVE, and
MutPred2 [61,65—68]. Pearson’s r is indicated in each plot.

Resource Availability

Lead contacts

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contacts, Shawn Fayer (sfayer@uw.edu), Douglas M. Fowler
(dfowler@uw.edu) and Lea M. Starita (Istarita@uw.edu).

Materials availability
Please contact the corresponding author with requests for any reagents generated by this study.
Data and code availability

Code to reproduce data analysis and generating figures can be found at:
https://github.com/sfayer31/iPSC-SGE-manuscript
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Methods

iPSC culture and maintenance

Human induced pluripotent stem cells (iPSCs) were maintained at 37°C in 5% CO2. All
WTC-11, WTC-11-Ngn2 [63] and derivative lines generated for this project were cultured on
Matrigel (Corning; cat. no. 354277) and fed every other day with mTeSR Plus and 0.5%
penicillin-streptomycin (ThermoFisher; cat. no. 15140122). iPSCs were passaged before
reaching confluency by dissociating cells with TrypLE Express (ThermoFisher; cat. no.
12604013) and resuspended in mTeSR Plus supplemented with 10 uM Y-27632 dihydrochloride
(Rho kinase [ROCK] inhibitor; Tocris; cat. no. 1254). Clonal lines were isolated via dilution
plating in 96 well plates at 0.5 cells per well in mTeSR Plus supplemented with 10 yM Y-27632
and CloneR2 (StemCell Technologies; cat. no. 100-0691). iPSCs were transferred from Matrigel
to plates coated with Vitronectin XF (StemCell Technologies; cat. no.07180) at 10 pg/ml and
conditioned for at least two passages before cardiac differentiation on Vitronectin.
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Construction of iPSC-SGE repair templates

Plasmid repair templates were assembled using Twist gene fragments containing the genomic
region of interest, homology arms, fluorescent protein fusion, and antibiotic selection markers
driven by Ef1a. Homology arms flanked the genomic Cas9 cut site and were between 200-500
bases in length. Gene fragments were designed with 18-22 base overlaps and assembled
together with assembly PCR. Assembled repair templates were then cloned into the pJET
vector with directional cloning. SNVs were inserted into mApple fused repair templates with
either Gibson assembly or Golden Gate assembly. MYBPC3 exons 32 and 33 SNV libraries
(Supplementary Figure 1) were amplified from Twist oligo pools and inserted into the linearized
backbone with Gibson assembly with NEBuilder HiFi DNA assembly (NEB; cat. no. E2621S).
The POLG backbone vector was over 13 kb and could not be linearized for Gibson assembly
and instead the Twist fragment containing exon 16 was designed with type IS restriction sites
and SNV oligos were amplified with compatible cut sites (Supplementary Figure 2). SNVs
were then inserted using Golden Gate assembly. All repair templates were sequence verified
with whole plasmid sequencing via long read sequencing technologies before integration into
cells. Assemblies were electroporated into NEB 10-beta electrocompetent cells (NEB; cat. no.
C3020K) and plasmids were prepped with the ZymoPURE Il Plasmid Maxipre Kit (Zymo; cat.
no. D4203).

Big DNA

MYBPC3 big DNA repair templates were assembled from a bacterial artificial chromosome
(BAC) containing the full MYBPC3 genomic sequence. The BAC was linearized for assembly
with synthesized gene fragments containing the 5" and 3’ homology arms, meGFP, and
puromycin resistance cassette. Fragments contained ~100bp overlap and were transformed and
assembled in yeast as previously described [59]. Sequence correct clones are then transformed
into E. coli and prepped with the ZymoPURE Il Plasmid Maxiprep Kit (Zymo; cat. no. D4203).
The big DNA repair template targets the first intron, maintaining the endogenous promoter and
first exon so expression is dependent on correct integration into the MYPBC3 locus in iPSCs.

gRNA design

Guides were designed for POLG intron 10 and MYBPC3 intron 27. Guides were optimized for
predicted cutting efficiency and minimal predicted off-target effects with ccTOP
(https://cctop.cos.uni-heidelberg.de/). The guides for inserting the background GFP allele were
designed 5’ to the guide for SNV integration so that the guide sequence for the SNV allele could
be removed from the GFP repair template. Synthetic guide RNAs and SpCas9 protein were
ordered from Synthego (synthego.com).

Generation of heterozygous GFP lines for SGE

Wild type WTC-11 iPSCs were grown to 70-80% confluency then split 1:5 the day before gene
editing. Synthetic gRNAs were pre-complexed into ribonucleoproteins (RNPs) with SpCas9
protein for 10 minutes at room temperature per the manufacturer recommendations (Synthego).
RNPs and 1 ug of plasmid repair template were introduced into 200,000 cells via electroporation
with the Lonza Amaxa P3 Primary Cell Kit S (Lonza; cat. No. V4XP-3032) using the Lonza 4D
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Nucleofector system. Immediately after electroporation, cells were plated into a single well of a
24 well plate coated with Matrigel and supplemented with 1X Clone R2. One week post
electroporation, cells were selected with 1 pg/ml puromycin for 2 days. Cells were then
expanded and sorted for GFP positivity. Since MYBPC3 is not expressed in stem cells, correct
integration of repair templates was determined with CRaTER, which used CRISPR activation at
the endogenous promoter to turn on MYBPCJ3[69] 3 days prior to the sort. GFP positive cells
were then plated in 96 well plates at 0.5 cells per well and single cell colonies were selected and
expanded for PCR verification of heterozygous integration of GFP repair templates.

Saturation genome editing of iPSCs

Clonal GFP iPSCs were grown to 70-80% confluency then split 1:5 the day before gene editing.
Synthetic gRNAs were pre-complexed into ribonucleoproteins (RNPs) with SpCas9 protein for
10 minutes at room temperature per the manufacturer recommendations (Synthego). RNPs and
SNV containing plasmid repair template (4 ug for POLG and 8 ug for MYBPC3) were introduced
into 2x10° cells via electroporation with the Lonza Amaxa P3 Primary Cell Kit L (Lonza; cat. No.
V4XP-3024). Immediately after electroporation, cells were plated into a single well of a 6 well
plate coated with Matrigel and supplemented with 1X Clone R2 and 10 uM Y-27632. Cells were
expanded and plated sparsely in Matrigel coated 10 cm dishes for selection with 10 ug/ml
blasticidin S HCI (ThermoFisher; cat. no. A1113902). After selection cells were expanded and
frozen in 500 pl CryoStor CS-10 (Sigma; cat. no. C2874) at 3x10° cells per vial. POLG cells
were sorted for double positive GFP/mApple signal and expanded before cryopreservation.

Monolayer cardiomyocyte directed differentiation

iPSCs were cultured on 10 pg/ml Vitronectin XF prior to cardiomyocyte differentiation. Small
molecule directed differentiation was performed as previously described with some
modifications [69]. iPSCs were plated in 15 pg/ml Vitronectin XF coated 24 well plates at
7.5x10* cells per well in mTeSR Plus supplemented with 10 uM Y-27632. Media was changed to
fresh mTeSR Plus without 10 uM Y-27632 the next day. Directed differentiation was initiated
(D0O) when cells reached 60-70% confluency by aspirating mTeSR and replacing media with
RBA media: RPMI (Invitrogen; cat. no. 11875135), 0.5 mg/mL bovine serum albumin (Sigma;
cat. no. A9418), 0.213 mg/mL ascorbic acid (Sigma; cat. no. A8960) supplemented with 4.5 uM
CHIR-99021 (TOCRIS; cat. no. 4423). After two days (D2), CHIR-99021 containing media was
removed and replaced with RBA supplemented with 2 yM Wnt-C59 (Selleck; cat. no. S7037).
On D4, Wnt-C59-containing media was replaced with RBA. On D6 (and every other day
afterwards), media was replaced with cardiomyocyte media: RPMI, B27 plus insulin (Invitrogen;
cat. no. 17504044). Cardiomyocyte cultures typically begin beating by D6. After D12,
cardiomyocyte media was removed and cardiomyocytes were dissociated to single cells with
TrypLE Select 10X (ThermoFisher; cat. no. A1217701) and replated on Matrigel coated 6 well
plates at 3x10° cells per well in cardiomyocyte media supplemented with 10% FBS and 10 uM
Y-27632.

Monolayer cardiomyocyte and sorting

After D20 and at least 7 days after replating cardiomyocytes were dissociated to single cells
with TrypLE Select 1X (ThermoFisher; cat. no. 12563011) and recovered in RPMI. Cells were
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washed with 1X PBS and fixed with 4% paraformaldehyde (ThermoFisher; cat. no. 043368.9M)
for 10 minutes at room temperature and washed with 1X PBS. Cardiomyocytes were then
resuspended in PBS sort buffer containing 5mM EDTA ( cat. no. 15575020) and 25mM HEPES
(ThermoFisher; cat. no.15630080). Resuspended cells were passed through a 100uM cell
strainer into FACS tubes. GFP positive cells were then sorted into 4 quartile bins on mApple to
GFP ratio. After the sort, cells were pelleted in Eppendorf tubes at 800 RCF for 10 minutes and
supernatant was discarded.

Monolayer cardiomyocyte DNA extraction

Cardiomyocyte DNA was extracted from sorted cardiomyocytes using the MagMAX Multi
Sample Ultra 2.0 Kits (ThermoFisher; cat. n0.A36570) with the MagMAX Cell and Tissue
Extraction DNA Extraction Buffer (ThermoFisher; cat. No. A45469). DNA was extracted to
manufacturers specifications with a few modifications. First, cell pellets of no more than 1x10°
cells were resuspended in extraction buffer and heated to 65C with shaking for 60 minutes with
vortexing every 10 minutes. Further, the lysis step on the instrument was performed for 15
minutes. Finally, DNA was eluted from beads in 100 pl of water.

Cardioid differentiation

Cardioid differentiation protocol was adapted from [70] [71] as previously described in [28] with
some modifications. iPSCs were cultured on 5 pg/mL Vitronectin (ThermoFisher; cat. no.
A14700) in mTeSR Plus(StemCell Technologies; cat. no. 100-0276) until reaching 70-80%
confluency. Cells were then dissociated with Accutase (StemCell Technologies; cat. no. 07920),
seeded into 96-well round-bottom ultra-low attachment plates (Corning; cat. no. 7007) in mTeSR
Plus supplemented with 10 uM Y-27632 (Tocris; cat. no. 1254) at a density of 10,000 cells per
well, and spun down at 900 RPM for 3 minutes at 25°C. Differentiation was induced the next day
(DO) by changing the media to FIyAB(Ins), consisting of RPMI (ThermoFisher; cat. no.
11875119), B-27 supplement (ThermoFisher; cat. no. 17504044), 10 ng/mL BMP4 (Fisher; cat.
no. 314BP050), 30 ng/mL FGF2 (Fisher; cat. no. 23-3FB-500CF), 5 uM LY294002 (Tocris; cat.
no. 1130), 4 yM CHIR 99021 (Tocris; cat. no. 4423), and 4 ng/mL Activin A (R&D Systems; cat.
no. 338-AC). On D1, media was replenished with fresh FIyAB(Ins). At 36-40 hours
post-induction (D1.5), media was changed to BWIIFRa, consisting of RPMI, B-27 supplement,
10 ng/mL BMP4, 8 ng/mL FGF2, 5 yM IWP 2 (Tocris; cat. no. 3533), 0.5 uM retinoic acid
(Tocris; cat. no. 0695), and 200 ng/mL VEGF (R&D Systems; cat. no. 293-VE). On D2.5-4.5,
media was replenished with fresh BWIIFRa. On D5.5, media was changed to BFI, consisting of
RPMI, B-27 supplement, 10 ng/mL BMP4, 8 ng/mL FGF2, and 200 ng/mL VEGF. On D6.5,
media was replenished with fresh BFIl. On D7.5, media was changed to maintenance media,
consisting of RPMI and B-27 supplement. Maintenance media was replenished every 48 hours.

Cardioid immunofluorescence and microscopy

Cardioid immunofluorescence and microscopy was performed as previously described [28] with
slight modifications. Cardioids were fixed in 4% paraformaldehyde (PFA) and embedded in
Optimal Cutting Temperature (OCT) compound (Tissue-Tek, 4583). Samples were
cryosectioned at 10 ym using a cryomicrotome (Thermo Scientific; Microm HM 550), and
adjacent sections were collected on coated glass slides (VWR, VWRU48311-703). Sections
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from the central region of each organoid were selected for analysis. For immunofluorescence
staining, sections were fixed again in 4% PFA for 20 minutes and washed with PBS. Samples
were blocked with 5% goat serum (BioAbChem, 72-0480) in PBS containing 0.1% Triton X-100
(MP Biochemicals, 194854) for 1 hour at room temperature, then incubated overnight at 4°C
with primary antibodies. After three PBS washes, sections were incubated with fluorescently
conjugated secondary antibodies for 2 hours at room temperature and washed again. Finally,
slides were mounted with DAPI Fluoromount-G (Southern Biotech, 0100-20) and imaged using
a Zeiss LSM 990 confocal microscope.

Cardioid dissociation and sorting

After D18, cardioids were dissociated into single cells for fluorescence-activated cell sorting
(FACS). Cardioids were harvested and washed in PBS on a bi-directional 37 um filter (StemCell
Technologies; cat. no. 27215), then dissociated using TrypLE Select 10X (Gibco; cat. no.
A1217701) in a thermomixer set to 900 RPM and 37°C for 10 minutes with gentle pipetting
every 5 minutes. Dissociated cardioids were pelleted at 200 x g for 3 minutes, resuspended in
PBS + 1% BSA (Sigma; A1595), and passed through 35 pm cell strainer (Fisher; cat. no.
08-771-23). Cells were sorted using a Sony MA900 and 100 um sorting chip (Sony; cat. no.
LE-C3210) into the following bins: 1) GFP-/tdTomato-, 2) GFP+/tdTomato-, 3) GFP+/tdTomato+,
and 4) GFP-/tdTomato+. Following FACS, cells were collected at 200 x g for 3 minutes, then
resuspended in Bambanker (Fisher, cat. no. 50-999-554) for cryopreservation.

Variant classification

We calibrated our MYBPC3 abundance scores for clinical classification following the current
ClinGen-approved calibration method to generate Bayesian likelihood ratios (OddsPath)
supporting PS3/BS3 criteria [41]. We used the synonymous distribution to define normal
abundance, indeterminate, and low abundance classes where z-score above -2 was considered
normal abundance, z-score less than -3 was low abundance and between -2 and -3 was
indeterminate. Using ClinVar P/LP and B/LB variants with at least 1 star, we calculated the
OddsPath for the normal abundance (0.038) and low abundance (58.5) score intervals
(Supplementary Table 1), which correspond to BS3 and PS3 strong evidence, respectively.
Clinically observed SNVs from MYBPC3 exons 32 and 33 and flanking intronic regions were
obtained from Ambry Genetics and the Brotman Baty Institute Clinical Variant Database. We
collected a total of 43 VUS from these clinical sources and followed MYBPC3 VCEP guidance
with several adaptations to reclassify VUS. For VEP data we used REVEL with updated
ClinGen evidence strength thresholds [72]. We also removed PM1 hotspot evidence since this is
potentially circular with VEP evidence. Additionally, we did not consider PM2 allele frequency
evidence for pathogenic interpretation. (Supplementary Table 2).

POLG cell fithess assay

After sorting genome edited POLG cells for positive expression of the background GFP allele
and SNV mApple allele, cells were cultured for an additional 14 days. After 14 days, iPSCs were
collected and genomic DNA was extracted using the Qiagen DNeasy Blood and Tissue Kit
(Qiagen; cat. no. 69504).
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lllumina library preparation and sequencing

Sequencing libraries were prepared with a three step nested PCR approach. First, SNV allele
specific PCR was performed using primer sets that amplified from mApple to a genomic region
outside of the 5’ homology arm of the SNV repair template. MYBPC3 allele specific PCR was
conducted with Q5 Hot Start High-Fidelity 2x Master Mix (NEB; cat. no. M0494S). POLG allele
specific PCR was performed with LongAmp Taq DNA Polymerase (NEB; cat. no.M0323S).
gDNA PCRs were split into 4 reactions with 250 ng gDNA each and pooled for AMPure XP
Bead (Beckman Coulter; cat. no. A63882) cleanup. Exon specific amplicons with lllumina
TruSeq and Nextera adaptors were prepared in a second PCR that was AMPure cleaned. The
third PCR attached ten base pair barcodes to amplicons for demultiplexing. 2 nM libraries were
pooled and sequenced on the Illlumina Nextseq 2000 instrument.

Calculating iPSC-SGE scores for MYBPC3 abundance assay

Abundance scores were calculated as previously described [23]. Briefly, sequence reads were
filtered to include only SNVs mapping to the genomic regions of MYBPC3 exon 32 or 33.
Weighted average frequencies were calculated by the sum of weighted frequencies for a given
variant across all bins divided by the sum of frequencies for that variant across all bins. Bins
were weighted as follows: bin 1 (lowest abundance) = 0.1, bin 2 = 0.15, bin 3 = 0.2, and bin 4
(highest abundance) = 1.

Calculating iPSC-SGE scores for POLG cell fithess assay

SNV log2 ratios were calculated by variant frequency at iPSC day 14 vs. pDNA frequency. First,
reads were demultiplexed using lllumina Bcl2Fastq 2.20 software and paired end reads were
assembled using Pear v0.9.11 software with parameters: -n 30, -m 300, -q 30. Any reads with
more than one SNV or an indel were filtered out of the analysis. Reads with a single SNV were
mapped to the genomic region of POLG exon 16 and each SNV was assigned a count. Log2
ratios were calculated for each experiment relative to plasmid DNA frequencies.

CRISPR screen guide cloning

gRNA sequences for the 4,502 human disease genes in our CRISPR screen were from the
minimal Cas9 library including the 200 non-targeting controls (Supplementary Table 3)[56].
Guides were ordered as an oligo pool from Twist and cloned into LentiGuide Blast
(Addgene:199622) with Golden Gate assembly. Three replicates of NEB 10-Beta
electrocompetent cells were transformed with the assembled gRNA library and plasmids were
prepped with ZymoPURE Il Plasmid Maxiprep Kit. Plasmids were pooled and sequenced with
full plasmid sequencing to verify correct assembly and amplicon sequencing of the gRNA region
to verify library coverage for lentivirus production.

iPSC and induced neuron CRISPR screens

WTC-11-Ngn2 iPSCs[73] were engineered to integrate a SpCas9 expression cassette into the
genome via PiggyBac transposition. Lentivirus was produced by co-transfecting HEK-293T cells
with the gRNA library containing LentiGuide-Blast plasmid along with other lentivirus packaging
component plasmids. After three days, lentivirus containing supernatant was collected and
lentivirus was concentrated with PEG-it (System Biosciences; cat. no. LV810A-1). Ngn2-Cas9
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iPSCs were seeded into Matrigel coated 6 well plates at 2x10° cells per well in mTeSR Plus
supplemented with 10 uM Y-27632. The following day cells were transduced with concentrated
lentivirus at low MOI (about 30% transduction efficiency). To achieve 200x coverage of the
gRNA library, 6x10° cells were transduced per replicate. Post transduction, cells were selected
with blasticidin and expanded to maintain library complexity. Cell pellets were harvested for
library screening after blasticidin selection. gRNA containing iPSCs were cultured for 3 weeks,
cell pellets were collected, then cells were plated for neuron differentiation following published
protocols [63]. Induced neurons were collected after 21 days of maturation. Phenotype
enrichment analysis was performed using Enrichr [64] to identify phenotypes associated with
neuron-essential genes. Results were ranked by Enrichr combined score, which integrates both
fold enrichment and statistical significance.
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