
Supplemental Materials and Methods 

Primers used in qPCR studies: 

Mouse MYH10 F: gggacttgagtgaggagctg 

Mouse MYH10 R:	gctttgaaccttttcgcttg 

Mouse PTCH1 F: ctggactctggctccttgtc 

Mouse PTCH1 R: caacagtcaccgaagcagaa 

Mouse GLI1 F: gaaggaattcgtgtgccatt 

Mouse GLI1 R: gcaaccttcttgctcacaca 

Mouse GAPDH F: aactttggcattgtggaagg 

Mouse GAPDH R: acacattgggggtaggaaca 

 

Western Blots 

Samples were boiled in Laemmli buffer for 10 minutes at 95 C. Samples were run on 

NuPage 4-12% Bis-Tris 1.0mm Mini Protein gels for 90 minutes at 120 V. Proteins were 

transferred to PVDF via wet transfer for 90 minutes at 32 V. Blots were blocked with 5% 

non-fat dry milk (NFDM) for 1 hour and then incubated with primary antibodies overnight 

in 5% NFDM. Blots were washed with TBST for 10 minutes x 3 and then incubated with 

HRP-conjugated secondary antibodies diluted in 5% NFDM for 1 hour at room 

temperature. Blots were again washed in TBST for 10 minutes x 3 and then signal was 

developed using SuperSignal West Femto Maximum Sensitivity Substrate 

(ThermoFisher) for 5 minutes at room temperature. Each western blot was performed at 

least N=3 from samples isolated from independent experiments. 
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Supplemental Table S1. Genetic, demographic, and growth, features of the MYH10 

cohort. Demographic information including age, sex, and race/ancestry are presented for each 

individual. Variant information and inheritance data for the identified MYH10 variant 

(NM_001256012.1) is also provided in addition to prior genetic testing and pertinent results. 

Growth metrics at birth and at last evaluation are also delineated. adenotes that the individual is 

deceased. bindicates prenatal demise.  Abbreviations: Ind individual, yo years old, mo months 

old, w weeks gestation, GA gestational age at delivery, Inh inheritance, CMA chromosome 

microarray, FISH fluorescent in situ hybridization, VUS variant of uncertain significance, PW/AS 

Prader-Willi/Angelman syndrome, SMA spinal muscular atrophy. 

 

Supplemental Table S2. Dysmorphology identified in individuals with heterozygous 

MYH10 variants. The reported dysmorphology for each individual is presented by area. 

adenotes that the individual is deceased. bindicates prenatal demise. Abbreviations: Ind 

individual, mo months old, yo years old. 

 

Supplemental Table S3. ACMG/ACP classification of variants identified in the MYH10 

cohort. ACMG/ACP criteria are listed in addition to the level of evidence (red, very strong; 

orange, strong; yellow, medium; green, supporting). Overall variant classification is listed below 

(VUS, variant of uncertain significance; LP, likely pathogenic; P, pathogenic). Note that these 

criteria are applied assuming the proposed LOF model for the novel disorder. The variants 

p.(G734D), p.(E737K), and p.(R740Q) met criterion PM1 based on their close proximity to the 

critical R740 residue in the motor domain. 
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Supplemental Figure S1. Full length images of western blot results depicted in the 

manuscript. (A) Figure S5A. (B) Figure S11A. (C) Figure S11C. (D) Figure S13U. (E) Figure 

S14D. 

 

Supplemental Figure S2. Variant and phenotypic information of previously published 

heterozygous MYH10 variants. (A) Schematic of MYH10 protein structure demarcating the 

SH3, motor, and myosin tail domains. Variants are mapped to protein structure. (B) Table 

describing the variant data, inheritance information, phenotypes and gnomAD data for variants 

identified in the literature. Note that variants 12-15 were excluded from analysis and mapping 

based on the allele frequency in the gnomAD database. Abbreviations: ASD autism spectrum 

disorder, ID intellectual disability, GDD global developmental delay, IUGR intrauterine growth 

restriction, FTT failure to thrive, CDH congenital diaphragmatic hernia, NDD 

neurodevelopmental disability, AF allele frequency. 

 

Supplemental Figure S3. Computational predictions of the impact of missense variants 

on MYH10 using a variety of prediction algorithms. The VarSome tool was used to generate 

computational predictions using 24 algorithms. Both the score and prediction classification are 

depicted. The total number of pathogenic/deleterious predictions is depicted below each 

column. 

 

Supplemental Figure S4. Novel machine learning approaches EVE and VARITY predict 

pathogenic effects of most identified missense variants. (A) Table describing the overall 

EVE and VARITY scores for each variant. (B) Heat map generated by EVE at each amino acid 

affected by missense variants in the cohort. Data is presented for every possible substitution at 

each locus. The specific variant substitution is bounded with a white box. Color scale with 

respect to pathogenicity of the EVE score is shown below. (C) Summary of predictions made by 
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VARITY at each amino acid affected by missense variants in the cohort. Data is provided for 

each possible substitution at every amino acid. The specific variant substitution is bounded with 

a yellow box. Gray boxes indicate substitutions that were not tested by the model. Color scale 

with respect to the pathogenicity of the VARITY score is depicted below.  

 

Supplemental Figure S5. Gene editing strategy and allele confirmation for CAS9-edited 

MYH10 knockout cells. (A) DNA sequence of the first exon of MYH10 shows the location of 

two different gRNAs (gRNA1 and gRNA2) used to generate the MYH10-edited cell lines. The 

start codon is depicted in bold, the seed sequences of each gRNA are shown in red, and their 

corresponding protospacer adjacent motifs (PAMs) are shown in green. (B, C) Chromatograms 

from sequencing of cloned fragments of genomic DNA generated from the MYH10 exon 1 in 

lines KO-1 (B) and KO-2 (C). Deleted regions are depicted above each chromatogram. Variant 

annotation is shown below each chromatogram. Note that all variants are predicted to ultimately 

produce nonsense/frameshift changes. Allele 2 from line KO-1 (B) and alleles 2 and 3 from KO-

2 (C) show two independent editing events present in cis. The insertion present in allele 3 of 

KO-2 (C) does not BLAST to any region of the mouse genome in full nor is it present in any of 

the vectors used in the gene editing strategy. Note that four alleles are identified in each line 

that is consistent with the mostly tetraploid state of the NIH/3T3 cells. 

 

Supplemental Figure S6. Validation of CAS9-mediated MYH10 knockout cells and 

quantification of acetylated tubulin staining. (A) Western blot of lysates isolated from 

parental NIH/3T3 cells and various CAS9-edited cell lines and probed with anti-MYH10, anti-

MYH9, or anti-β-actin antibodies. Note that a faint band is present in MYH10 KO cell lines and 

that this band appears at a lower molecular weight compared to wildtype lines. (B-M) 

Immunofluorescent analysis of MYH10 protein (red, B-E, J-M) and actin (phalloidin, green, F-M) 

localization in CAS9-edited NIH/3T3 cell lines. Note the linear, filamentous staining in the 



	 4	

parental NIH/3T3 and WT-1 lines (B, C, J, K) that co-localizes with actin (F, G, J, K) that is 

reduced and discontinuous in line LOW-1 (D, H, L) and absent in line KO-1 (E, I, M). Nuclei are 

labeled with DAPI (blue, F-M). Scale bar (B) is 5um. (N-U) Immunofluorescent investigation of 

primary cilia at 20x using antibodies targeting acetylated tubulin (green, N-U) and ARL13B (red, 

O, Q, S, U) in NIH/3T3 cells (N, O) and lines WT-1 (P, Q), KO-1 (R, S), and KO-2 (T, U). DAPI 

labels nuclei (blue, O, Q, S, U). Scale bar (N) is 40um. Note increased intensity of extra-ciliary 

acetylated tubulin staining. (V) Quantification of whole-field acetylated tubulin fluorescent 

intensity normalized to DAPI fluorescent intensity between different cell lines. This analysis 

confirms an increase in acetylated tubulin staining in knockout cell lines compared to controls. 

Images were quantified using imageJ with 3 fields quantified in each independent experiment 

performed at least N=3. 

 

Supplemental Figure S7. MYH10 knockout severely impairs Hedgehog pathway activation 

downstream of SMO activation and upstream of GLI transcription factor activity. (A, B) 

qPCR data measuring the relative expression of the HH targets PTCH1 (A) and GLI1 (B) in 

CAS9-edited lines treated with either control- (blue) or NSHH-conditioned media (red). (C-F) HH 

luciferase assays performed in lines WT-1 and KO-1 and stimulated with either NSHH 

conditioned media (C), the SMO agonist SAG (D), transfection of a constitutively active SMO 

construct (SMOM2, E), or expression of the GLI1 transcription factor (F). Cartoons above 

assays depict the level at which the pathway is being activated. Representative assays are 

presented that included 2 biologic replicates for each condition and assays repeated N>3. 

 

Supplemental Figure S8. MYH10 knockdown reduces response to HH pathway activation. 

(A) qPCR data for MYH10 expression in NIH/3T3 cells transfected with either control (blue) or 

MYH10 siRNA (red) and isolated at 72 and 96 hours post-transfection. (B-C) qPCR data 

comparing the relative expression of the HH target genes PTCH1 (B) and GLI1 (C) in cells 
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transfected with either control or MYH10 siRNA and treated with conditioned media isolated 

from either control transfected cells (PCDNA3) or cells transfected with a construct expressing 

the secreted and bioactive N-terminal fragment of the SHH ligand (NSHH; red). (D) Hedgehog 

pathway activity as measured by a HH-responsive luciferase reporter in either control or MYH10 

siRNA transfected NIH/3T3 cells treated with control- (blue) or NSHH-conditioned media (red). 

Representative assays are shown in each condition, which includes 3 biological replicates and 

was repeated at least N=3.  

 

Supplemental Figure S9. Gene editing strategy and allele confirmation for CAS9-edited 

MYH10 LOW-1 line. (A) DNA sequence of the first exon of MYH10 shows the location of two 

different gRNAs (gRNA1 and gRNA2) used to generate the MYH10-edited cell lines. The start 

codon is depicted in bold, the seed sequences of each gRNA are shown in red, and their 

corresponding protospacer adjacent motifs (PAMs) are shown in green. (B) Chromatograms 

from sequencing of cloned fragments of genomic DNA generated from the MYH10 exon 1 in line 

LOW-1. Deleted regions are depicted above each chromatogram. Variant annotation is shown 

below each chromatogram. Note that all variants are predicted to ultimately produce 

nonsense/frameshift changes. A wildtype allele was also isolated from line LOW-1 (data not 

shown) demonstrating that 3 of 4 MYH10 alleles have been edited. 

 

Supplemental Figure S10. MYH10 LOW-1 line shows an intermediate phenotype with 

respect to primary ciliogenesis, ciliary length control, and Hedgehog pathway activation. 

(A-I) Immunofluorescent analysis of acetylated tubulin (AcTub, green; A-C, G-I) and ARL13B 

(red; D-I) in parental NIH/3T3 cells (A, D, G), line LOW-1 (B, E, H), and line KO-2 (C, F, I). 

Nuclei are stained with DAPI (blue; D-I). Scale bar in A is 5 um. (J) Analysis of the percentage 

of cells with primary cilia in control and MYH10-edited cell lines. Data was collected from 3 

random fields of view (>50 cells/field of view) from maximum intensity projections of Z-stack 
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images. Each experiment repeated at least N=3. (K) Violin plots of ciliary length between control 

and MYH10-edited cell lines. Ciliary length was measured from 100 cilia from maximal intensity 

projected Z-stacks for each condition and each condition was repeated at least N=3 from 

independent experiments. (L) Quantification of mean fluorescent intensity of acetylated tubulin 

staining normalized to DAPI staining in the indicated cell lines. Each condition repeated at least 

N=3 from independent experiments. (M-N) qPCR data measuring the relative expression of the 

HH targets PTCH1 (M) and GLI1 (N) in CAS9-edited lines treated with either control- (blue) or 

NSHH-conditioned media (red). Representative assays are presented that included 2 biologic 

replicates for each condition and assays repeated N>3. 

 

Supplemental Figure S11. A second wildtype line demonstrates normal primary cilia and 

response to Hedgehog signaling. (A-C) Immunofluorescent analysis of acetylated tubulin 

(AcTub; green) in parental NIH/3T3 cells (A), line WT-1 (B), and line WT-2 (C). DAPI labels 

nuclei (blue). Scale bar in A is 5 um. (D) Hedgehog pathway activity as measured by a HH-

responsive luciferase reporter in parental NIH/3T3 cells, line WT-1, and line WT-2 that were 

treated with either DMSO (blue) or SAG (red). 

 

Supplemental Figure S12. MYH10 undergoes proteolytic cleavage when re-expressed in 

knockout cells and does not rescue Hedgehog signaling. (A) Western blot of lysates 

isolated from NIH/3T3 cells and line KO-1 transfected with MYH10::HA-pcDNA3 for 24 or 48 

hours and probed with an anti-MYH10 and anti-GAPDH antibodies. Note the strong signal from 

lower molecular weight bands when expressed in line KO-1. (B) HH-luciferase assay comparing 

control-transfected NIH/3T3 cells and line KO-1 transfected with pcDNA3 or MYH10::HA-

pcDNA3 treated with either DMSO (blue) or SAG (red) to activate HH signaling. Representative 

assays are shown for each condition that includes 2 biologic replicates and repeated at least 

N=3. (C) Western blot analysis of NIH/3T3 cells transfected with the indicated HA-tagged 
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MYH10 variants and probed with an anti-HA or anti-GAPDH antibodies. Note most protein is 

found in the full-length formed with minimal cleavage compared to line KO-1 (A).  

 

Supplemental Figure S13. MYH10 patient variants show normal localization to the actin 

network. Immunofluorescent analysis of NIH/3T3 cells transiently transfected with the indicated 

HA-tagged MYH10 variant constructs for 24 hours and stained with anti-MYH10 (red, A and O) 

or anti-HA (red, B-G, O-U) in addition to phalloidin-488 (green H-U) to label actin. Nuclei are 

blue (DAPI). Scale bar in (A) 10um.  

 

Supplemental Figure S14. MYH10 patient variant overexpression produces a dominant-

negative effect on primary ciliary length. (A) Measurement of mean fluorescent intensity of 

HA signal by immunofluorescence shows a similar distribution of MYH10 protein overexpression 

between lines. (B) Violin plots of quantitation of primary ciliary length between NIH/3T3 cell lines 

stably expressing control (pcDNA3 only), wildtype MYH10, p.(G734D), p.(E737K), p.(R740Q), 

and p.(E1740G). Ciliary length was measured from 100 cilia from maximal intensity projected Z-

stacks for each condition and each condition was repeated at least N=3 from independent 

experiments. (C-T) Representative images of ARL13B (green; C-T) and HA (red; O-T) 

immunofluorescence in NIH/3T3 stable lines expressing pcDNA3-only (empty vector, C, I, O), 

wildtype MYH10 (D, J, P), p.(G734D) (E, K, Q), p.(E737K) (F, L, R), p.(R740Q) (G, M, S), and 

p.(E1740G) (H, N, T). Note that all constructs are HA-tagged to distinguish endogenous vs 

exogenous protein expression. Nuclei are stained with DAPI (blue; C-T). Panels I-N reflect 

magnified regions of the boxes outlined in C-H. Scale bar (C) is 10 um. (U) Western blot 

analysis of HA-expression in monoclonal stable cell lines expressing empty vector (pcDNA3), 

wildtype MYH10 (WT), p.(R740Q), and p.(E1740G). GAPDH is used as a loading control. 
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Supplemental Figure S15. MYH10 knockout in human RPE-1 cells significantly impacts 

primary ciliogenesis and ciliary length control. (A) Sequence of exon 1 of human MYH10. 

The gRNA sequence is indicated in red and the corresponding PAM is in red. (B-C) Sequence 

confirmation of loss-of-function alleles in lines KO-1 (B) and KO-2 (C). (D) Western blot analysis 

of MYH10 expression in the indicated cell lines. Note that a faint residual band is observed in 

line KO-1. GAPDH is used as a loading control. (E-P) Immunofluorescent analysis of human 

RPE-1 cilia labeled with acetylated tubulin (green, E-H) and ARL13B (red, I-P) in parental RPE-

1 cells (E, I, M), WT-1 (F, J, N), KO-1 (G, K, O), and KO-2 (H, L, P). DAPI labels nuclei (blue; I-

P). Scale bar in J (10 um). (Q) Analysis of the percentage of cells with primary cilia in control 

and knockout RPE-1 cell lines. (R) Violin plots of ciliary length between control and knockout 

RPE-1 cell lines. For ciliogenesis quantification, data was collected from 3 random fields of view 

(>50 cells/field of view) from maximum intensity projections of Z-stack images. Each experiment 

independently repeated at least N=3. For ciliary length quantitation, 100 cilia were measured 

from maximal intensity projected Z-stacks for each condition and each experiment was repeated 

independently at least N=3. 
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