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Expanded Methods  

A. Variant Interpretation 

SHaRe non-truncating MYBPC3 missense variants (Supplemental Tables 1,2) were classified as 

previously reported1 in accordance with American College of Medical Genetics and Genomics (ACMGG) 

guidelines, leveraging available clinical and experimental data1-5. Herein we provide additional detail 

regarding this variant interpretation process. Clinically-indicated genetic testing was performed at all 

sites.  Initial site designations of Pathogenic/Likely Pathogenic (pathogenic), variant of unknown 

significance (VUS), benign/likely benign (benign) were reviewed for accuracy in accordance with 

American College of Medical Genetics and Genomics (ACMGG) guidelines6, 7 This review included 

review of available clinical and experimental data such as variant frequency (ShaRe and gnomAD) and 

evidence of segregation within families either previously published or within SHaRe. Further, splice site 

variants were considered pathogenic if they affected critically conserved splice consensus sites (i.e. 

acceptor -1 or -2; donor +1 or +2) and/or if experimental evidence showed aberrant splicing1, 3, 5, 6. All 

potential exonic splice variants were identified and were cross-referenced to recent in silico and mini-

gene assay analysis of MYBPC3 variants predicted to impact splicing1, 3, 5, 6. None of the variants included 

in this study had experimental evidence of splicing, as variants with proven evidence of splicing were 

classified as truncating. Variants were considered “benign/likely benign” if the population allele 

frequency exceeded 0.004 and the odds ratio between SHaRe and gnomAD was <10-fold over the 

gnomAD allele frequency. If the variant was absent in gnomAD a conservative upper bound population 

allele frequency of 4.5E-06 was used for the odds ratio calculation1. Since variants in sarcomere gene 

present in gnomAD with allele frequencies of > 4E-05 and absent in SHaRe are unlikely to be 

independently pathogenic for HCM, these variants were included in our list of benign MYBPC3 variants1. 

We also reference previously established subgroups within the SHaRe registry Sarc+, SarcU, Sarc-8-

10. Sarc+ is defined as sarcomeric HCM or patients with HCM carrying a pathogenic or likely pathogenic 

variant within 8 sarcomere genes definitively associated with HCM (MYBPC3, MYH7, TNNT2, TNNI3, 
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TPM1, MLY2, MYL3, ACTC)8. SarcU (also referred to as SarcVUS in previous publications) is defined 

as HCM patients carrying a sarcomere variant of uncertain significant(s) and Sarc- is defined as non-

sarcomeric HCM or patients with HCM who underwent genetic testing and had no pathogenic, likely 

pathogenic, or VUS variant identified within a sarcomere gene. Patients were excluded from Sarc- if they 

had pathogenic variants in genes encoding non-sarcomere proteins such as GLA or LAMP2.   

B. Computational Protein Folding Stability Predictive Modeling        

For MYBPC3, which encodes protein MyBP-C, missense variants were analyzed using STRUM. 

STRUM calculates the effect of the missense variant on the Gibbs free energy of local subdomain folding 

(referred to as the DDG, kcal/mol)11. Subdomains were selected instead of the full-length protein to enable 

more accurate structural modeling (Supplemental Table 3). STRUM analysis of MYBPC3 variants was 

performed using amino acid sequence inputs (Supplemental Table 3) and method 2, completed 05/2020. 

This enabled a full analysis of all possible MYBPC3 subdomain variants (Supplemental Table 6).  

A negative DDG value indicates the degree of reduced folding energy (kcal/mol) relative to the wild-

type subdomain, or folding destabilization11. Previous experimental validation of this algorithmƒ 

compared STRUM predictions to 3421 experimentally tested variants from 150 proteins and 

demonstrated a strong correlation with a Pearson’s correlation coefficient (PCC) of 0.79 and root mean 

square error (RMSE) of prediction of 1.2 kcal/mol11. A value of DDG ≤-1.2 kcal/mol was defined as the 

cut-off for destabilizing (deleterious) variants while a value of DDG > -1.2 was defined as the cut-off for 

variants that did not significant destabilize subdomain folding (non-deleterious) variants.  

C. Computational Structural Modeling Information 

The STRUM algorithm utilizes I-TASSER structural models in calculating DDG. I-TASSER 

(Iterative Threading ASSEmbly Refinement) is a hierarchical approach to protein structure and function 

prediction12-14.  MyBP-C is made up of immunoglobulin and fibronectin subdomains15. Structural 

predictions of MyBP-C (the protein encoded by MYBPC3) subdomains C0-C10 were obtained using I-



 5 

TASSER and are depicted using PyMOL (Supplemental Figure 1). Two linker regions were modeled. 

The first is a proline rich region between C0 and C1. The second is the M-domain linker between C1 and 

C2. For variants within these linker regions, a structural model of two adjacent subdomains and the linker 

region of interest were established (Supplemental Figure 2). Linker regions were otherwise assumed to 

consistent of short flexible unstructured linkers and were not analyzed using STRUM (Supplemental 

Figure 3, Supplemental Table 4).  

High quality I-TASSER models were produced for each sub-domain (Supplemental Figure 1-3, 

Supplemental Table 3)12, 13. To describe quality metrics in more detail; the C-score is a confidence score 

for estimating the quality of predicted models by I-TASSER It is calculated based on the significance of 

threading template alignments and the convergence of parameters of the structure assembly simulations. 

C-score is typically in the range of [-5,2], where a C-score of higher value signifies a model with high 

confidence. Subdomains C0-C10 exhibited C-scores ranging from 0.22-0.98. Another measure of model 

quality is TM-score, which is sensitive to local error. A TM-score > 0.5 indicates a model with correct 

topology. Our models exhibited TM-scores ranging from 0.74-0.84. Finally, we report a root mean square 

deviation (RMSD) compared to known MyBP-C subdomain structures, which ranged from 0.29-0.44 

Angstroms16-23, exhibiting good agreement between experimental and modeling data.  

With the exception of two linker regions, individual subdomains are connected by short flexible 

linkers which were not modeled (Supplemental Figure 3). The two larger linker regions present in MyBP-

C are; the proline rich region between C0 and C1 domains and the M-domain between C1 and C2 

domains15. These linker regions were modeled in the presence of their two adjacent subdomains; C0-

Proline rich linker-C2 (aa 1-260) and C1-M domain-C2 (aa 152-452) using I-TASSER (Supplemental 

Figure 2). This revealed a flexible proline rich linker with minimal secondary structure and a structured 

M-domain made up of beta-sheets. The M-domain model is distinct from a truncated region of M-domain 

that was evaluated connected to C2 domain by NMR (319-451) which suggested a triple helix within this 

C-terminal portion of the M-domain (PDB 5k6p.pdb)21.  These models were of acceptable quality with C-

score of -2.01 and -0.72 and TM score 0.47 and 0.62 respectively, albeit lower quality than individual 
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subdomains. As such these models were only utilized to evaluate variants within the linker region. All 

depictions of I-TASSER models and alignments with known MyBP-C structures were performed using 

PyMOL (Supplemental Figure 1-3).  

Finally, a model of full length MYBPC3 based on axial-radial model24 using these individual 

subdomains was assembled (Supplemental Figure 3). This model serves to illustrate the well- defined 

subdomain immunoglobulin and fibronectin folds within MYBPC3 and assumes independent motion of 

individual subdomains connected by flexible linker regions. The exceptions to this assumption are the 

proline-rich (PR) linker between CO and C1 and the M-domain linker between C1 and C2 which were 

modeled as described above. There are multiple proposed models of MyBP-C quaternary structure within 

the sarcomere based on electron microscopy data24-27. Further experimental work is needed to more 

accurately model orientation between subdomains, potential interdomain interactions, and MYBPC3 

quaternary structure.   

D. Clinical Outcomes Analysis  

Only HCM patients with a single MYBPC3 variant were included in clinical outcomes analysis to 

avoid confounding from multiple cases with multiple sarcomere gene variants (Figure 3). To expand on 

this inclusion criterion further, we began by identifying 426 SarcU patients within SHaRe. As previously 

described8 SarcU patients are HCM patients whom have undergone clinical genetic testing and lack 

pathogenic or likely pathogenic variants within sarcomere genes or other potentially pathogenic genes 

such as GLA or LAMP2 but do carry a VUS within a sarcomere gene. We next limited our analysis to 

patients with a single VUS [VUS variants (all genes): one], excluding patients that carry multiple 

sarcomere VUSs. Finally, we limited our analysis to patients carrying a single missense MYBPC3 VUS [ 

VUS variants (MYBPC3): STRUM] (Figure 3). For comparison groups (Figure 4) we evaluated HCM 

patients with a single MYBPC3 pathogenic variant (MYBPC3-Path-all). To identify this group we 

utilized the previously defined Sarc+ group8, limiting our evaluation to patients with single pathogenic 
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sarcomere variant (P/LP variants: One) and excluding patients carrying another VUS (VUS variants: 

zero).  Our final comparison group was the previously defined Sarc- group8.  

E. Defining Clinical outcomes  

Composite clinical outcomes evaluated herein as previously defined8 are; 

• Ventricular arrhythmic composite: first occurrence of sudden cardiac death, resuscitated cardiac 

arrest, or appropriate implantable cardioverter-defibrillator therapy  

• Heart Failure composite: first occurrence of cardiac transplantation, LV assist device 

implantation, LV ejection fraction <35%, or New York Heart Association class III/IV symptoms  

• Overall composite: first occurrence of any component of the ventricular arrhythmic or heart 

failure composite end point (without inclusion of LV ejection fraction), all- cause mortality, atrial 

fibrillation (AF), stroke, or death  

F. Statistical Analysis  

Odds ratio(OR) , sensitivity, and specificity were calculated to evaluate the association between 

computational algorithms (STRUM, SIFT, PolyPhen-2)  STRUM predictions of deleterious variants and 

known MYBPC3 pathogenic and benign variants as follows;  

𝑂𝑅	 = (𝐴 × 𝐷) ÷ (𝐵 × 𝐶) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑡𝑦	 = 𝐷 ÷ (𝐵 + 𝐷) 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦	 = 𝐴 ÷ (𝐴 +C) 

95%	𝐶𝐼	 = exp[	ln(𝑂𝑅) − 1.96 × 𝑆𝐸{ln(𝑂𝑅)}	]	𝑡𝑜	 exp[	ln(𝑂𝑅) + 1.96 × 𝑆𝐸{ln(𝑂𝑅)}	]		 

where  

A = variants predicted the be deleterious and known to be pathogenic,  

B = variants predicted to be deleterious and known to be benign,  

C= variants predicted to be non-deleterious and known to be pathogenic,  

D= variants predicted to be non-deleterious and known to be benign.  
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𝑆𝐸{ln(𝑂𝑅} = √(
1
𝐴
	+

1
𝐵
+
1
𝐶
+
1
𝐷
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Missense MYBPC3  

  

  
MYBPC3-

Path MYBPC3-Benign  
STRUM+ 6 7 
STRUM - 13 103 

   

  
MYBPC3-

Path MYBPC3-Benign  
SIFT+ 10 51 
SIFT - 9 59 

   

  
MYBPC3-

Path MYBPC3-Benign  
PolyPhen-2+ 14 42 
PolyPhen-2 - 5 68 

 

 
MYBPC3-

Path MYBPC3-Benign 
CardioBoost+ 9 2 
CardioBoost- 10 94 

 

 
MYBPC3-

Path MYBPC3-Benign 
STRUM+ OR 

CardioBoost+ 12 8 
STRUM- AND 
CardioBoost- 7 102 
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G. Figures  

 

Figure S1: MyBP-C subdomain I-TASSER models. I-TASSER models were derived for MyBP-C 

subdomains C0-C10 from sequence inputs as detailed in Supplemental Table 3 are shown in green 

(PyMOL, cartoon). These structures were aligned with all available known MyBP-C subdomain 

structures shown in blue (PyMOL, cartoon)16-23. For each alignment the pdb code of the experimentally 

derived structure and the root mean square deviation (RMSD) of the alignment is reported. Subdomains 

C4, C6, C7, C8, C9, C10 did not have available structural data for comparison.  
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Figure S2: I-TASSER Models of proline rich and M-domain linkers. I-TASSER models of these two 

linker regions were made by modeling the linker regions with two adjacent domains. A) The proline rich 

(PR) linker model [C0-PR-C1 (aa 1-260)] is shown in red (PyMOL, cartoon). This model was aligned 

with known MyBP-C C0 and C1 subdomain structures shown in blue (PyMOL, cartoon) (2k1m.pdb and 

2avg.pdb respectively). B) The M-domain linker model [C1-M domain-C2 (aa 152-452)] is shown in 

orange (PyMOL, cartoon). This model was aligned with known MyBP-C C1 and C2 subdomain 

structures shown in blue (PyMOL, cartoon). (2avg.pdb, and 1pd6.pdb respectively) 16, 17  
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Figure S3:  Structural model of MyBP-C. MyBP-C (the protein encoded by MYBPC3) is made up of 

immunoglobin (green circles) and fibronectin domains (purple hexagons) connected by short flexible 

linkers. Two larger linker regions exist; the proline-rich (PR) linker (red rectangle) between C0 and C1 

domains and the M-domain linker (small orange hexagon) between C1 and C2 domains. MyBP-C is 

positioned in an anti-parallel fashion within the A-band of sarcomere. The N-terminus (C0-C2) interacts 

with actin and myosin in a dynamic fashion while the C-terminus (C7-C10) interacts with thick filament 

and Titin. A structural model was built using I-TASSER subdomain models. Individual immunoglobulin 

(green PyMOL cartoon) and fibronectin (purple PyMOL cartoon) I-TASSER models are arranged based 

on previously proposed quaternary structural model24. In addition, the C0- PR-C1 (red, PyMOL cartoon) 
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and C1-Mdomain-C2 (orange PyMOL cartoon) I-TASSER models were aligned with the individual I-

TASSER models for these subdomains. This model otherwise assumes independent motion of individual 

subdomains connected by flexible linker regions (red lines).  
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Figure S4: Computational analysis of missense MYBPC3 VUSs. Missense MYBPC3 VUS within 

SHaRe (Supplemental Table 2) were analyzed by STRUM (top panel), SIFT (middle panel) and 

PolyPhen-2 (lower panel). Results are grouped by individual subdomains with immunoglobulin domains 

(green; C0, C1, C2, C3, C4, C5, and C8) fibronectin domains (purple; C6, C76, C9). The linker regions - 

proline rich (PR, red) and M-domain (orange) linkers. The cut-off for likely deleterious variants (SIFT < 
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or = 0.05, 1- PolyPhen-2 < 0.10) is designated by dotted line with region below representing variants 

predicted to be deleterious.  

In the STRUM analysis, the proportion of MYBPC3 VUSs predicted to be deleterious varied by 

subdomain. For example, a higher proportion of VUSs were predicted to be deleterious within the C3 

(63%) C2 (57%) and C10 domains (38%) compared to other immunoglobulin domains. High quality 

ITASSER models were obtained for each subdomain (Supplemental Figure 1).  Of note very few variants 

within SHaRe were present within linker regions outside of defined subdomains (4%) (Supplemental 

Table 1,2). Two linker domains within MYBP-C accounted for the majority of linker region variants 

(22/24) and were modeled (Supplemental Figure 2-3). The PR domain was predicted to be a flexible and 

largely unstructured linker whereas the M-domain was predicted to exhibit beta-sheet secondary 

structure (Supplemental Table 3, Supplemental Figure 2). MYBPC3 VUSs within the PR linker were 

consistently predicted to be non-deleterious not only by STRUM but also by the sequence-based 

algorithms Polyphen-2 and SIFT (Supplemental Figure 4).    
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Figure S5: Risk stratification of individual composite outcomes. Variants predicted to be deleterious 

by STRUM (STRUM+, DDG ≤ -1.2 kcal/mol, red, n =39) did exhibit higher rates of atrial fibrillation and 

heart failure composite than variants not predicted to be deleterious STRUM-, black, n=66). However, we 

could not exclude the null hypothesis (p -value 0.0559 and 0.1762). No difference in ventricular 

arrhythmia composite was observed. As previous described8 composite outcomes reported are defined as 

follows;   
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 17 

Figure S6: Sequence-based algorithms were exhibit decreased specificity compared to STRUM and 

are unable to identify a subgroup of HCM patients with a MYBPC3 VUS at increased risk for 

HCM-related adverse clinical outcomes.   

Results of computational analysis for each unique MYBPC3-Benign (grey triangles, n= 110) and 

MYBPC3-Path (red circles, n =19) variant are shown. Mean and SEM for each group depicted. The cut-

off for deleterious variants were (A) Polyphen-2 > 0.90 (graphed as 1-Polyphen-2 score < 0.10) and (B) 

SIFT ≤ 0.10. Both SIFT and Polyphen-2 demonstrated decreased specificity 62% and 54% respectively 

compared to STRUM 93% (Figure 3). (C) We next evaluated patients with HCM and a MYBPC3 VUS. 

A ven diagram is shown for patients with HCM and a MYBPC3 VUS predicted to be deleterious by one 

or more of the following algorithms; SIFT, PolyPhen-2, STRUM. (D) Variants predicted to be deleterious 

by PolyPhen-2 (PolyPhen-2 > 0.90, red, n =71)28 did exhibit higher rates of adverse HCM-related clinical 

outcomes (Overall composite) compared to variants not predicted to be deleterious (black, n = 34) by 

Kaplan Meier event free survival analysis. However, we could not exclude the null hypothesis (p-value 

0.1200). As defined previously, the overall composite8 is defined as the first occurrence of any component 

of the ventricular arrhythmic or heart failure composite end point (without inclusion of LV ejection 

fraction), all- cause mortality, atrial fibrillation (AF), stroke, or death. (E) Variants predicted to be 

deleterious by SIFT29 (SIFT score ≤0.05, red, n =64) and non-deleterious (black, n =41) exhibited similar 

rates of adverse HCM-related clinical outcomes.  
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Figure S7: STRUM Analysis of MYBPC3 VUSs. All possible MyBP-C missense and synonymous 

variants were analyzed by STRUM by performing in silco saturation mutagenesis (Supplemental Table 

5). Subdomains of MyBP-C (the protein encoded by MYBPC3) are labeled and colored by domain type -  

immunoglobulin (C0, C1, C2, C3, C4, C5, and C8) in green, fibronectin (C6, C6, C9) in purple, and the 

proline rich (PR) and M-domain linkers in red and orange respectively. Horizontal line indicates mean for 

each group. Variants with DDG ≤-1.2 kcal/mol are predicted to be deleterious. The cluster of variants at 

zero represent largely synonymous variants. 
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Table S1: Computational analysis of MYBPC3 non-synonymous missense variants – Benign and 

Path  

See attached TableS1_ADT.xls  
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Table S2: Computational analysis of MYBPC3 non-synonymous missense variants- VUS  

See attached TableS2_ADT.xlsx  
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Table S3: Summary of STRUM inputs and resulting I-TASSER models  

MyBP-C 
Domain 

Model 
Input 
Sequence 

Domain 
Type 

 
STRUM  
A.A. 

Available  
Structures 

C-
score 

Estimated 
TM score RMSD 

C0 2 to 96 Ig-like C2  2-96 2K1M (NMR)18 0.32 0.76+/-0.10 0.29 
C1 153 to 256 Ig-like C2  153-256 2AVG (NMR)17 0.22 0.74+/- 0.11 0.44 

    3CX2 (Xray)20   1.35 
       2V6H (Xray)19    1.35 
C2 362 to 452 Ig-like C2  362-452 1PD6 (NMR)16 0.42 0.77+/-0.10 0.30 
       5K6P (NMR)21    1.99 
C3 453-543 Ig-like C2  453-543 2MQ0 (NMR)22 0.59 0.79+/- 0.09 0.40 
C4 542-633 Ig-like C2  544-633 none 0.4 0.77+/-0.10 NA 
C5 645-771 Ig-like C2  645-771 1GXE (NMR)23 0.34 0.76+/- 0.10 0.48 
C6 774-870 Fibronectin  774-870 none 0.90 0.84+/- 0.08 NA 
C7 872-967 Fibronectin  872-967 none 0.98 0.85+/-0.08 NA 
C8 970-1065 Ig-like C2  970-1065 none 0.44 0.77+/-0.10 NA 
C9 1068-1163 Fibronectin  1068-1163 none 0.60 0.79+/- 0.09 NA 
C10  1181-1274 Ig-like C2  1181-1274 none 0.77 0.82+/-0.09 NA 
C0-PR-C1 1 to 260 NA 97-152 2K1M (NMR ) -2.01 0.47+/-0.15 1.39 
   2AVG (NMR)    1.61 
    3CX2 (Xray)    1.41 
       2V6H (Xray)     1.20 
C1-M-C2 152 to 452 NA 257-361 2AVG (NMR)  -0.72 0.62+/-0.14 2.02 

    3CX2 (Xray)    1.07 
    2V6H (Xray)    1.19 
    1PD6 (NMR)   2.78 
    5K6P (NMR)    3.38 

The C-score range is from [ -5,2] where a C-score of higher value signifies a model with high confidence. 

Another measure of model quality is TM-score, that is sensitive to local error. A TM-score > 0.5 indicates a 

model of correct topology. Our models exhibit TM-score of 0.74- 0.84.  Finally, we report the root mean square 

deviation (RMSD) in Angstroms comparing I-TASSER models to known MYBPC3 subdomain structures. 

STRUM A.A. indicates the amino acids (A.A) whom utilized the a given model input sequence to execute the 

STRUM analysis.  
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Table S4. STRUM results by subdomain  

MyBP-C 
 

DDG kcal/mol Variants  % deleterious 

Domain Domain Type Mean Stdev Analyzed DDG ≤-1.2 kcal/mol 

C0 IgG-like C2 -0.37 0.90 1805 15.79 

PR linker -0.04 0.47 1120 2.50 

C1 IgG-like C2 -0.78 0.96 2080 25.34 

M domain linker -0.51 0.74 2100 17.05 

C2 IgG-like C2 -1.11 0.99 1820 35.49 

C3 IgG-like C2 -0.59 0.89 1820 19.51 

C4 IgG-like C2 -0.50 0.87 1800 16.78 

C5 IgG-like C2 -0.43 1.01 2540 16.50 

C6 Fibronectin -0.53 0.95 1940 19.48 

C7 Fibronectin -0.34 0.89 1920 15.83 

C8 IgG-like C2 -0.79 1.06 1920 26.61 

C9 Fibronectin -0.69 1.09 1920 22.40 

C10 IgG- like C2 -0.58 0.93 1880 21.28 
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Table S5: Complete STRUM analysis of MYBPC3 Missense Variants  

See attached TableS5_ADT.xls 
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