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MYH7 single nucleotide variant hiPSC library generation 

A functionally-informed predictor accurately segregates calibrating MYH7 variants
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Hypertrophic cardiomyopathy (HCM) is characterized as an unexplained thickening of the cardiac left 
ventricle1. HCM patients with pathogenic variants in genes encoding sarcomeric proteins have worse 
prognoses and are at greater risk of sudden cardiac death and developing heart failure2. Pathogenic, 
autosomal-dominant variants in myosin heavy chain 7 (MYH7, encoding β-MHC) account for ~33% of all 
HCM cases. Genetic testing of HCM patients has identified >1700 MYH7 missense variants (ClinVar³), 
however, ~81% are classified as variants of uncertain significance (VUS) due to insufficient 
functional/clinical data required to interpret variant effect. In particular, while the MYH7 S2 domain is 
sensitive to missense mutations, the leading in silico variant effect prediction algorithm (EVE4) fails to 
accurately predict known pathogenic variants in the proximal part of this domain, indicating the need for 
further functional analysis using in vitro models. While multiplexed assays of variant effect (MAVEs) can 
resolve variant effect at scale, this approach relies on examining salient phenotypes in easily 
mutagenized cells. Development of a method to gene edit hiPSCs at scale would enable MAVEs of genes 
in disease-relavant contexts by leveraging the differentiation capacity of hiPSCs. 
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Predictions are generalizable to myosin paralogs and unrelated coiled-coil domains
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Multiplexed assessment of β-MHC abundance in MYH7 variant hiPSC-CMs 

•  Pooled β-MHC abundance assessment enables phenotyping of nearly 300 MYH7 SNVs in hiPSC-CMs

•  β-MHC abundance accurately segregates pathogenic and benign MYH7 variants and correlates with patient 
heart wall thickness and age of HCM onset

•  β-MHC abundance correlates with the interhelical interface distance and is substitution specific, informing 
accurate variant effect predicitons of >17000 MYH7 variants across 1045 positions

•  β-MHC-based, functionally informed predictions are accurate in unrelated coiled-coil domains, indicating 
variants in repetititive structural motifs can have repetitive and predictable functional effects

•  What other multiplexable phenotypes can help to resolve unmoved MYH7 VUS? 

CONCLUSIONS and FUTURE DIRECTIONS
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A Cloning strategy used to generate a MYH7 SNV library in plasmid DNA.
B Recombination of the MYH7 SNV plasmid library into the endogenous MYH7 locus. 
C Schematic of the gene-editing strategy to knock-in a MYH7 SNV library into hiPSCs and enrich for on-target edited hiPSCs using CRaTER⁵.
D Heatmap of MYH7 SNV generated in hiPSCs with the original cDNA sequence (horizontal) and final sequences (vertical). Yellow=WT; blue=made; black=not made.

A Amino acid-level predicted myosin paralog abundances (clear dots) combining missense variants for MYH6, MYH3, and MYH2. ClinVar variants LB/B (pink) and LP/P (blue) are displayed in box-and-whisker plots.
B Linear regression for pseudobenign (PB; pink) and ClinVar P/LP (blue) KCNQ1 variants (encoding Kv7.1) displaying measured Kv7.1 surface abundance⁹ (x-axis) and predicted Kv7.1 abundance (y-axis). Solid line=line of best fit; left dotted line=loss of function/partial loss of function 
cutoff (0.25); middle dotted line=partial loss of function/normal function cutoff (0.61); right dotted line= normal function/gain of function cutoff (1.29).
Predicted Keratin 1 (C) and Keratin 10 (D) abundances (clear dots) for missense variants in KRT1 and KRT10, respectively. ClinVar LB/B with PB variants (pink) and LP/P with PP variants (blue) are displayed in box-and-whisker plots.
E Amino acid-level predicted Keratin 10 abundance (clear dots) for missense variants in KRT10. Variants associated with mild epidermolysis ichthyosis¹⁰ (EI) (light blue) and severe EI (dark blue) are displayed in box-and-whisker plots.

A Heatmap of directly studied categorical β-MHC abundance for the original aa residue and position (horizontal) and the substituted amino acid (vertical), reorganized by register with interhelical interface distance increasing from left to right.
B Average β-MHC abundance for each aa position (black dots) at each register pair. Red lines=column medians. P values determined by one-way ANOVA with Tukey’s multiple comparisons test.
C Heatmap of directly studied average β-MHC abundance for each register pair (horizontal) and the substituted amino acid (vertical).
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E Predicted β-MHC abundance for missense variants (clear dots) within the aa 838-848 and aa 894-1930 regions extrapolating directly measured β-MHC abundance (aa 849-893) averaged across all register pairs. ClinVar LB/B (pink) and LP/P (blue) variants are displayed in 
box-and-whisker plots.
F Sankey plot displaying the proportions of VUS and conflicting variants functionally categorized with increased, normal, intermediate, or reduced predicted β-MHC abundance.
G Proportion of UK Biobank⁷ participants with HCM-related ICD10 codes (black) or without such codes (grey) for all MYH7 variants predicted to have normal or reduced abundance β-MHC abundance. P values determined by Fisher’s exact test.
H GnomAD⁸ allelic frequency in the general population of MYH7 variants (clear dots) predicted to have normal (pink) or abnormal β-MHC abundance (yellow) displayed in box-and-whisker plots.

           DMS Performance:
Specificity: 0.81
Sensitivity: 0.83
Accuracy: 0.82
OddsPath: 4.41 PS3_Mod
OddsBenign: 0.21 BS3_Mod*

A E Functional Category
Clinical

Significance
Classification

VUS
n=51

Increased
n=7

Normal
n=27

Intermediate
n=8

Reduced
n=21

Conflicting
n=12

LP
n=15

Unmoved
n=35

LB
n=13

F

Fi
na

l A
m

in
o 

A
ci

d

Increased
Normal

Intermediate
Reduced

M
84

9
A

85
0

S8
51

M
85

2
K

85
3

E8
54

E8
55

F8
56

T8
57

R
85

8
L8

59
K

86
0

E8
61

A
86

2
L8

63
E8

64
K

86
5

S8
66

E8
67

A
86

8
R

86
9

R
87

0
K

87
1

E8
72

L8
73

E8
74

E8
75

K
87

6
M

87
7

V8
78

S8
79

L8
80

L8
81

Q
88

2
E8

83
K

88
4

N
88

5
D

88
6

L8
87

Q
88

8
L8

89
Q

89
0

V8
91

Q
89

2
A

89
3

M
ea

n

A
C
D
E
F
G
H
I

K
L
M
N
P
Q
R
S
T
V

W
Y
*

Mean

Position

non-SNV
Not made

B

D

A
B
C

Variant
Bin

Low Mid High
875

N

891 916

# # #
955 230 169
364 402 440

N
or

m
al

iz
ed

 to
 M

od
e

Low Mid High

Deeply Sequence

Calculate Variant
β-MHC Abundance

meGFP

Sort β-MHC 
Variant hiPSC-CMs

1

2

3

FITC-A

101 102 103 104 105

FITC-A

Sample Name Subset Name Count
No stain_T49 3106 lib no PS and 40mM K since T30_002.fcs Single Cells 26827 
No stain_T49 WT clone 3 no PS and 40mM K since T30_001.fcs Single Cells 26026 

0 50K 100K 150K 200K 250K

FSC-A

Sample Name Subset Name Count
No stain_T49 3106 lib no PS and 40mM K since T30_002.fcs GFP+ 21160 
No stain_T49 WT clone 3 no PS and 40mM K since T30_001.fcs GFP+ 24837 

101 102 103 104 105

FITC-A
Sample Name Subset Name Count

No stain_T50 3106 lib no PS and 40mM K since T30_002.fcs Single Cells 27113 
No stain_T50 WT clone 3 no PS and 40mM K since T30_001.fcs Single Cells 26089 

0 50K 100K 150K 200K 250K

FSC-A

Sample Name Subset Name Count
No stain_T50 3106 lib no PS and 40mM K since T30_002.fcs GFP+ 25101 
No stain_T50 WT clone 3 no PS and 40mM K since T30_001.fcs GFP+ 23833 

GFP+
96.7

101 102 103 104 105

FITC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T36 3106 lib with PS_002.fcs Single Cells 18034 
No stain_T36 WT clone 3 with PS_001.fcs Single Cells 24044 

0 50K 100K 150K 200K 250K

FSC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T36 3106 lib with PS_002.fcs GFP+ 15745 
No stain_T36 WT clone 3 with PS_001.fcs GFP+ 23242 

GFP+
83.4

101 102 103 104 105

FITC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T50 3106 lib sex media 40nM DHT since T30_002.fcs Single Cells 18545 
No stain_T50 WT clone 3 sex media 40nM DHT since T30_001.fcs Single Cells 11239 

0 50K 100K 150K 200K 250K

FSC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T50 3106 lib sex media 40nM DHT since T30_002.fcs GFP+ 11943 
No stain_T50 WT clone 3 sex media 40nM DHT since T30_001.fcs GFP+ 9370 

GFP+
39.1

101 102 103 104 105

FITC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T51 3106 lib sex media 40nM DHT since T30_002.fcs Single Cells 27068 
No stain_T51 WT clone 3 sex media 40nM DHT since T30_001.fcs Single Cells 26684 

0 50K 100K 150K 200K 250K

FSC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T51 3106 lib sex media 40nM DHT since T30_002.fcs GFP+ 15100 
No stain_T51 WT clone 3 sex media 40nM DHT since T30_001.fcs GFP+ 10444 

101 102 103 104 105

FITC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T50 3106 lib_002.fcs Single Cells 26776 
No stain_T50 WT clone 3_001.fcs Single Cells 26335 

0 50K 100K 150K 200K 250K

FSC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T50 3106 lib_002.fcs GFP+ 24266 
No stain_T50 WT clone 3_001.fcs GFP+ 26041 

GFP+
94.0

101 102 103 104 105

FITC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T50 3106 lib_002.fcs Single Cells 25191 
No stain_T50 WT clone 3_001.fcs Single Cells 25441 

0 50K 100K 150K 200K 250K

FSC-A

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Sample Name Subset Name Count
No stain_T50 3106 lib_002.fcs GFP+ 20640 
No stain_T50 WT clone 3_001.fcs GFP+ 23924 

Variant-meGFP
WT-meGFP

Low
Mid

High

β-
M

H
C

 A
bu

nd
an

ce

Reduced
n=117

Normal
n=114

Increased
n=29

Functional
Category

Intermediate
n=37

LB/B
n=1

8

LP/P
n=25

VUS n=5
1

Conflic
tin

g n=1
2

Unlab
ele

d n=19
1

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10
0.0006

10

20

30

Incre
as

ed

Norm
al

Red
uce

d

Functional Category

M
ax

im
um

 L
VW

T 
at

 P
re

se
nt

at
io

n

C

20

40

60

−0
.0

5

0.
00

0.
05

β-MHC Abundance

M
ea

n 
A

ge
 a

t H
C

M
 D

ia
gn

os
is r = 0.44

A Schematic of multiplexed β-MHC abundance assessment pipeline using VAMP-seq⁶: (1) Representative flow cytometry plot displaying FITC-A (normalized to mode) for T60 WT-MYH7-meGFP (grey) versus variant-MYH7-meGFP library (green) hiPSC-CMs with library cell sorting into 
low, mid, and high FITC-A bins, (2) deep sequencing of the mutagenized endogenous MYH7 locus for each bin, and (3) calculation of β-MHC protein abundance for each variant. T=days since onset of cardiac-directed differentiation.
B Amino acid-level median β-MHC abundance (clear dots, n=297 unique variants) normalized to WT (n=2-5 biological replicates). ClinVar LB/B (pink), LP/P (blue), VUS (green), conflicting (yellow), and unlabeled variants (grey) are displayed in box-and-whisker plots. Lines in boxes=column 
medians; +=column mean; upper dotted line=increased β-MHC upper cutoff (0.045357); middle dotted line=normal/intermediate β-MHC cutoff (-0.001653605); lower dotted line=reduced β-MHC cutoff (-0.013).
C Linear regression for MYH7 variants (black dots) displaying measured β-MHC abundance (x-axis) and mean age at HCM diagnosis (years) in SHaRe² patients (y-axis). Line=line of best fit; dotted lines=95% confidence intervals.
D Echocardiography measurements of cardiac left ventricular wall thickness (LVWT; mm) in HCM patients in the SHaRe registry for single MYH7 variants (black dots) associated with increased, normal, or reduced β-MHC abundance. P values determined by Mann-Whitney U test.
E Sankey plot displaying the proportion of VUS and conflicting variants functionally categorized as increased, normal, intermediate, or reduced β-MHC abundance and classified as LP, LB, or unmoved.
F Heatmap of categorical β-MHC abundance for the original aa residue and position (horizontal) and the final amino acid (vertical). Grey=non-SNV; black=not made; final row=column means; final column=row means.
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Objective: Develop a high-throughput pipeline to generate and
functionally assess MYH7 SNVs in hiPSC-CMs to classify VUS and
build a functionally-informed predictor of coiled-coil variant effect.

MYH7 missense variants and β-MHC coiled-coil rules 


