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Summary
Contraction of the human sarcomere is the result of interactions betweenmyosin cross-bridges and actin filaments. Pathogenic variants

in genes such asMYH7, TPM1, and TNNI3 that encode parts of the cardiac sarcomere cause muscle diseases that affect the heart, such as

dilated cardiomyopathy and hypertrophic cardiomyopathy. In contrast, pathogenic variants in homologous genes such asMYH2, TPM2,

and TNNI2 that encode parts of the skeletal muscle sarcomere cause muscle diseases affecting skeletal muscle, such as distal arthrogry-

posis (DA) syndromes and skeletal myopathies. To date, there have been few reports of genes (e.g.,MYH7) encoding sarcomeric proteins

in which the same pathogenic variant affects skeletal and cardiac muscle. Moreover, none of the known genes underlying DA have been

found to contain pathogenic variants that also cause cardiac abnormalities. We report five families with DA because of heterozygous

missense variants in the gene actin, alpha, cardiac muscle 1 (ACTC1). ACTC1 encodes a highly conserved actin that binds to myosin

in cardiac and skeletal muscle. Pathogenic variants in ACTC1 have been found previously to underlie atrial septal defect, dilated cardio-

myopathy, hypertrophic cardiomyopathy, and left ventricular noncompaction. Our discovery delineates a new DA condition because of

variants in ACTC1 and suggests that some functions of ACTC1 are shared in cardiac and skeletal muscle.
Introduction

Sarcomeres are the repeating functional units ofmuscle cells

that are joinedendtoend to formskeletal andcardiacmuscle

fibers.1 Sarcomeres consist of thick myosin filaments and

thin actin filaments along with proteins such as troponin

and tropomyosin that facilitate and regulate the interactions

between the filaments.2 Contractile force is generated when

the myosin and actin filaments bind to form cross-bridges,

which is thought to cause the filaments to slide against

eachother. Thekey sarcomericproteins are encodedbyhigh-

lyconservedandhomologousgenes that typically express an

isoformthat is predominant ineither cardiac or skeletalmus-

cle. For example,TNNI2,MYH3, andACTA1encode isoforms

of troponin, myosin heavy chain, and a-actin, respectively,

that are primarily expressed in skeletal muscle, while

TNNI3,MYH6, andACTC1 encode isoforms that are primar-

ily expressed in cardiac muscle.3
1Division of Genetic Medicine, Department of Pediatrics, University of Washin

USA; 3Department of Bioengineering, University of Washington, Seattle, WA

Research, Seattle, WA 98195, USA; 5Division of Neurology, The Hospital for Sic

oratory Medicine, The Hospital for Sick Children, Toronto, ON M5G 1X8, Can

onto, Toronto, ON M5G 0A4, Canada; 8Division of Neurology, Department o

Muscat, Sultanate of Oman; 9Division of Pediatric Genetics, Department of P

34752 Istanbul, Turkey; 10Department of Basic Bio-Medical Sciences, Europea

de Hierro-Majadahonda University Hospital, 28221 Madrid, Spain; 12Departm

NC 27599, USA; 13Department of Genome Sciences, University of Washin

98105, USA
15These authors contributed equally
16Lead contact

*Correspondence: mbamshad@uw.edu

https://doi.org/10.1016/j.xhgg.2023.100213.

Hu

� 2023 The Author(s). This is an open access article under the CC BY license
Pathogenic variants in genes that encode the skeletal sar-

comeric proteins tropomyosin (TPM2; MIM: 190990);4

troponin I2, fast skeletal type (TNNI2; MIM: 191043);4

troponin T3, fast skeletal type (TNNT3; MIM: 600692);5

myosin heavy chain 3 (MYH3; MIM:160720);6 and myosin

heavychain8 (MYH8;MIM:160741)7 account formost cases

of distal arthrogryposis (DA), a group of Mendelian condi-

tions characterized by non-progressive congenital contrac-

tures of the limbs and, less frequently, contractures of the

face, strabismus, neck webbing, pterygia, short stature, and

scoliosis. The precise pathogenesis of the contractures is un-

known, although it has been proposed that pathogenic var-

iants lead to perturbation of muscle contraction or relaxa-

tion, resulting in reduced limb movement in utero.8,9

Several additional genes, specifically PIEZO2 [MIM:

613629],10,11 ECEL1 [MIM: 605896],12,13 and FBN2 [MIM:

612570],14 that underlie other forms of DA encode proteins

that are less directly involved in sarcomere contraction.
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To date, the vast majority of variants in genes encoding

homologous components of the cardiac sarcomere have

been found to result in conditions in which only cardiac

muscle is affected, including cardiomyopathy and struc-

tural heart defects. Here, we report five families with DA

and congenital heart defects because of heterozygous

missense variants in the gene actin, alpha, cardiac muscle

1 (ACTC1). ACTC1 encodes a highly conserved actin that

binds to myosin in cardiac and skeletal muscle. We employ

molecular dynamics (MD) simulations of wild-type (WT)

and mutant cardiac actin to predict the structural and

functional consequences of these variants.
Methods

Exome sequencing, annotation, and filtering
From a cohort of 463 families (1,582 individuals) with multiple

congenital contractures, we selected 172 families in which patho-

genic or likely pathogenic variants had not been identified, for

exome sequencing (ES). All studies were approved by the institu-

tional review boards of the University of Washington and Seattle

Children’s Hospital, and informed consent was obtained from

each participant or their parents. ES, annotation, and analysis

were performed by the University of Washington Center for Men-

delian Genomics (now the University of Washington Center for

Rare Disease Research) as described previously.15 Briefly, variants

were called by GATK v.3.7 HaplotypeCaller and annotated with

Variant Effect Predictor v.95.3.16 Variants were filtered using

GEMINI v.0.30.117 for genotype call quality (GQR 20), read depth

(R6), allele frequency in population controls (i.e., maximum fre-

quency in any continental superpopulation in gnomAD18 v.2.1

and v.3.0 exomes and genomes < 0.005), consistency with the

mode of inheritance in each family, and predicted impact on

protein-coding sequence (e.g., annotated as missense, nonsense,

canonical splice, or coding insertion or deletion [indel]).

MD: Model preparation and simulation
Initial coordinates for cardiac globular (g-actin) structures were

generated via homology to an X-ray crystal structure of rabbit skel-

etal actin (UniProt: P68135) downloaded from the Protein Data

Bank19 (www.rcsb.org; PDB: 3HBT).20 PDB: 3HBT is a model of

g-actin complexed with ATP, Ca2þ, and SO4. The human ACTC1

sequence was downloaded from UniProt (P68032). The human

and rabbit sequences were 98.9% identical, as assessed using Clus-

tal Omega,21 and there were four conservative amino acid substi-

tutions (human amino acid, human residue number, and rabbit

amino acid as follows: Asp2Glu, Glu3Asp, Leu301Met, and

Ser360Thr). Homology models of the humanWTand four mutant

(p.Thr68Asn, p.Arg185Trp, p.Gly199Ser, and p.Arg374Ser) struc-

tures were generated using Modeller,22 which introduced the

amino acid substitutions and built coordinates for atoms not

present in the PDB file (no coordinates were present for D-loop res-

idues 40–50 in PDB: 3HBT). The p.Arg374His variant was not

simulated because of the expected overlap with p.Arg374Ser and

because the change to His is more conservative than the change

to Ser. For p.Gly199Ser, the initial backbone dihedral (4, c) angles

for Gly were (152�, �16�), which are unfavorable for Ser. Conse-

quently, this loop was further refined, and the initial S199

dihedrals were (�177�, �14�). During modeling, crystallographic

waters and the SO4 were removed, ATP was retained, and Ca2þ
2 Human Genetics and Genomics Advances 4, 100213, July 13, 2023
was replaced by Mg2þ. Initial coordinates for cardiac filamentous

(F-actin) pentamer structures were generated using an electronmi-

croscopy structure of mouse tropomyosin and rabbit skeletal actin

(PDB: 3J8A).23 The tropomyosin chains were removed, and the

F-actin pentamers complexed with ADP and Mg2þ were used to

construct homology models of WT and p.Thr68Asn human car-

diac F-actin with Modeller. After homology models were built,

hydrogen atoms were modeled onto the initial structure using

the tleap module of AMBER, and each protein was solvated with

explicit water molecules in a periodic, truncated octahedral box

that extended 10 Å beyond any protein atom. Naþ counterions

were added to neutralize the systems.

All simulations were performed with the AMBER20 package24,25

and the ff14SB force field26 using standard procedures. Water mol-

ecules were treated with the TIP3P force field.27 Metal ions were

modeled using the Li and Merz parameter set.28–30 ATP and ADP

molecules were treated with parameters from Meagher et al.31

The SHAKE algorithm was used to constrain the motion of

hydrogen-containing bonds. Long-range electrostatic interactions

were calculated using the particle mesh Ewald (PME) method.

Each systemwasminimized in 10,000 steps divided across 3 stages

in which restraints were placed either on hydrogen atoms, solvent

atoms, or all backbone heavy atoms (Ca, C, N, O atoms). After

minimization, systems were heated to 310 K over 300 ps using

the canonical NVT (constant number of particles, volume, and

temperature) ensemble. During all heating stages, 25 kcal mol�1

restraints were present on the backbone heavy atoms (Ca, C, N,

O atoms). After the system temperature reached 310 K, the systems

were equilibrated for 5.4 ns over 5 successive stages using the

NPT (constant number of particles, pressure, and temperature)

ensemble. During equilibration, restraints on backbone atoms

were decreased from 25 kcal mol�1 during the first stage to

1 kcal mol�1 during the fourth stage. During the final equilibra-

tion stage, the systems were equilibrated in the absence of

restraints. Production dynamics for conventional MD (cMD) sim-

ulations were then performed using the NVTensemble using an 8-

Å nonbonded cutoff and a 2-fs time step, and coordinates were

saved every picosecond. G-actin cMD simulations were run in trip-

licate; each replicate simulation was 500 ns long. We used an

enhanced sampling scheme called Gaussian accelerated MD

(GaMD)32 to explore conformational sampling in the WT and

p.Thr68Asn F-actin pentamer models. GaMD production runs

were preceded by a 52-ns-long GaMD equilibration period in

which boost potentials were added. The upper limits of the SD

of the boost potentials were set to 6 kcal mol�1. Neither the stan-

dard 5.2-ns equilibration nor the 52-ns GaMD equilibration

contributed to the length of the production dynamics for any

simulation. Production dynamics for GaMD simulations were us-

ing the NVT ensemble using an 8-Å nonbonded cutoff and a 2-fs

time step, and coordinates were saved every picosecond. Single

replicates of the WT and p.Thr68Asn were performed, and each

simulation was 300 ns long. Unless specified otherwise, simula-

tions were analyzed separately, and the results of replicate simula-

tions were averaged together.
MD: Analysis
The Ca root-mean-square deviation (RMSD), Ca root-mean-

squared fluctuation (RMSF), solvent-accessible surface area

(SASA), secondary structure content, inter-atomic distances, and

inter-residue contacts were calculated with cpptraj.33 The Ca

RMSD was calculated after alignment of all Ca atoms to the

http://www.rcsb.org


Table 1. Clinical findings of individuals with DA because of heterozygous variants in ACTC1

Family A A B B C C D E

Ancestry Turkish Turkish European European European European European European

Individual II-1 III-1 II-2 III-1 II-2 III-1 II-1 II-1

Sex male female female female female male male male

Age at last
assessment (years)

59 18 53 24 27 5 16 stillbirth (38þ
3 weeks)

Variant

ClinGen allele ID CA391630889 CA391630889 CA391628517 CA391628517 CA391631962 CA391631962 CA391631962 CA391628507

cDNA change
(NM_005159.4)

c.595G>A c.595G>A c.1120C>A c.1120C>A c.203C>A c.203C>A c.553C>T c.1121G>A

Genomic
coordinates (hg19)

chr15:g.
35084630C>T

chr15:g.
35084630C>T

chr15:g.
35082627G>T

chr15:g.
35082627G>T

chr15:g.
35085697
G>T

chr15:g.
35085697 G>T

chr15:g.
35084672G>A

chr15:g.
35082626C>T

Predicted amino
acid change

p.Gly199Ser p.Gly199Ser p.Arg374Ser p.Arg374Ser p.Thr68Asn p.Thr68Asn p.Arg185Trp p.Arg374His

Zygosity het het het het het het het het

Inheritance unknown inherited inherited inherited de novo inherited de novo de novo

CADD score (v.1.6) 25.6 25.6 23.7 23.7 24.7 24.7 27.9 25.5

Allele count (gnomAD
v.2.1.1 þ v.3.1.2)

0 0 0 0 0 0 1 0

Original diagnosis autosomal
dominant
multiple
pterygium
syndrome

autosomal
dominant
multiple
pterygium
syndrome

Sheldon-Hall
syndrome

Sheldon-Hall
syndrome

Freeman-
Sheldon
syndrome

N/D multiple pterygium
syndrome and
cardiomyopathy

–

Clinical features: Growth

Weight percentile 57 (72 kg) <1 (40 kg)
�2.95 SDS

78 (70 kg) <1 (37 kg) 2 (121 kg) 1 (13.6 kg) <3 (29 kg) 33 (3050 g)

Height percentile <1 (155 cm) <1 (134 cm)
�4.86 SDS

<1 (147 cm) <1 (140 cm) 56 (163 cm) 4 (102cm) <3 (149 cm) N/A

Short stature HP:0004322 þ þ þ þ – þ þ N/A

Clinical features: Limbs

Knee contractures HP:0006380 – þ þ þ – N/D þ þ

Vertical talus HP:0001838 – þ – – N/D N/D þ

Equinovarus/clubfoot HP:0001762 – þ þ (bilateral) þ (bilateral) þ N/D þ þ

(Continued on next page)
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Table 1. Continued

Family A A B B C C D E

Camptodactyly, toes HP:0001836 – – þ þ þ N/D N/D þ

Elbow contractures HP:0002987 þ – N/D – – þ þ þ

Webbed elbow HP:0009760 – – N/D N/D – þ þ N/D

Limited forearm
supination

HP:0006394 þ þ þ þ – N/D þ þ

Contractures of wrists HP:0001239 – – þ þ – N/D – þ

Camptodactyly, fingers HP:0100490 þ þ þ þ þ þ N/D þ

Hypoplastic flexion
creases

þ þ þ þ þ N/D þ þ

Clinical features: Face and neck

Downslanting palpebral
fissures

HP:0000494 þ þ – – þ þ þ þ

Ptosis HP:0000508 þ þ þ þ þ – þ þ

Downturned corners
of the mouth

HP:0002714 þ þ þ þ þ þ N/D N/D

Microretrognathia HP:0000308 þ þ þ þ þ N/D þ þ

Long nasal bridge þ þ þ þ þ þ N/D þ

Low-set ears HP:0000369 þ þ þ þ þ þ N/D þ

Limited neck rotation HP:0005986 þ no vertebral
fusion

þ no vertebral
fusion

þ þ þ N/D þ (congenital
torticollis)

þ

Webbed neck HP:0000465 þ mild þ profound þ þ þ þ N/D þ

Other

Scoliosis HP:0002650 þ mild þ þ restrictive
lung disease
(HP:0002091)

þ N/D – þ –

Hip contractures HP:0003273 þ þ þ þ N/D – þ þ

Cardiomyopathy HP:0001638 – – N/D N/D N/D N/D þ (dilatated) � (fetal US)

Atrial septal defect HP:0001631 þ þ N/D N/D þ þ þ � (fetal US)

Ventricular septal
defect

HP:0001629 – – N/D N/D N/D – þ � (fetal US)

(Continued on next page)
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minimized structure. The Ca RMSF was calculated about average

MD structures for each simulation. For each time point in the

simulation, two residues were considered to be in contact with

one another when at least one pair of heavy atoms was within 5

Å of another. Then we recorded the average percent simulation

time each residue pair was in contact for each simulation. A Stu-

dent’s t test was used to identify statistically significant

(p < 0.05) differences in inter-residue contact times between the

WT and mutant simulations. All protein images were prepared us-

ing UCSF Chimera.34,35
Results

After variant filtration of the exome data, three families

had compelling candidate variants in the same candidate

gene, ACTC1 (MIM 102540; GenBank: NM_005159.4)

(Table 1; Figures 1 and S1). Specifically, each family had a

heterozygous candidate missense variant that was either

de novo or segregated in an autosomal dominant pattern.

In family A, comprised of an affected father and affected

daughter with camptodactyly of the fingers, hypoplastic

flexion creases, clubfoot, webbed neck, scoliosis, hip con-

tractures, and ventriculoseptal defect, a heterozygous

variant in ACTC1 (c.595G>A, p.Gly199Ser) was identified.

This family has been described previously (family D in

Chong et al.36) as possibly having autosomal dominant

multiple pterygium syndrome (MIM: 178110), but no

likely pathogenic or pathogenic variants in MYH3 were

identified. In family B, an affected mother and affected

daughter with knee contractures, clubfoot, limited neck

rotation, scoliosis, and hip contractures were heterozygous

for c.1120C>A, p.Arg374Ser. The grandmother in family B

was described as having similar clinical findings, but no

medical records or photographs were available. Family C,

the third family, was a simplex family in which a de novo

variant, c.203C>A, p.Thr68Asn, was identified in the pro-

band with clubfoot, camptodactyly of the toes and fingers,

webbed neck, and an atrial septal defect. Upon follow-up

with family C approximately 20 years after they were orig-

inally enrolled, the proband was found to have a son who

had camptodactyly of the fingers, overlapping toes, elbow

contractures, elbow webbing, and an atrial septal defect.

Her son was heterozygous for the c.203C>A, p.Thr68Asn

variant. No other variants of interest were identified in

any of these families in genes known to underlie DA or

congenital heart defects.

Two additional simplex families (families D and E) subse-

quently came to our attention via direct referral after clin-

ical testing identified ACTC1 as a candidate gene. Each had

a de novo variant: c.553C>T, p.Arg185Trp in family D and

c.1121G>A, p.Arg374His in family E. Notably, the variants

in families B and E perturbed the same residue. The pro-

band of family D had short stature, clubfoot, knee and

elbow contractures, hypoplastic flexion creases, atrial

septal defect, and ventricular septal defect. No muscle

weakness was noted. An echocardiogram found borderline

left ventricular systolic function with an ejection fraction
man Genetics and Genomics Advances 4, 100213, July 13, 2023 5



Figure 1. Phenotypic characteristics of individuals with DA because of heterozygous variants in ACTC1
(A–D) The characteristics shown includewebbed neck, bilateral clubfoot, camptodactyly of the fingers, and hypoplastic flexion creases in
family A (A; II-1 and III-1); camptodactyly, webbed neck, bilateral clubfoot, camptodactyly of the fingers and toes, and hypoplastic
flexion creases in family B (B; II-2 and III-1); webbed neck, bilateral clubfoot, webbed neck, bilateral clubfoot, and camptodactyly of
the fingers and toes in family C (C; II-2); and ptosis, webbed neck, camptodactyly of the fingers, and scoliosis in family D (D; II-1). Table 1
contains a detailed description of the clinical findings of each affected individual, and Figure S1 provides a pedigree for each family.
of 52% and reduced longitudinal strain in the basal wall

segments. Electron microscopy and immunohistochem-

istry of a skeletal muscle biopsy revealed possible nemaline

bodies (Figure S2) and the presence of rare myofibers with a

central core but no ragged red fibers or rod-like inclusions.

The proband in family E was stillborn at 38þ3 weeks. At

31 weeks, ultrasound findings included hydrops fetalis, hy-

drothorax, a small lower jaw, ductus venosus agenesis, and

positioning of the extremities consistent with fetal akine-

sia. No additional clinical information was available.

In summary, at least one affected individual in each fam-

ily was reported to have a combination of camptodactyly

of the fingers or toes, hypoplastic flexion creases, clubfoot,
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limited neck rotation, scoliosis (excluding family E, for

which only fetal ultrasound was available), and hip

contractures. Common facial features included microre-

trognathia, ptosis, downslanting palpebral fissures, low-

set ears, and a long nasal bridge (Figure 1). Ventricular or

atrial septal defects were reported in families A, C, and D,

while family E had ductus venosus agenesis in utero, but

only one affected individual, the proband in D, had cardio-

myopathy. The co-occurrence of these congenital heart

defects is notable because ACTC1 is well established to un-

derlie isolated cardiac abnormalities, including dilated and

hypertrophic cardiomyopathy (MIM: 613424, 612098),

atrial septal defects (MIM: 612794), and left ventricular



Figure 2. Genomic model of ACTC1 and ACTA1
Illustrated are each of the variants found in ACTC1 that underlie DA and the homologous sites in ACTA1 that result in severe nemaline
myopathy when mutated. ACTC1 and ACTA1 are each composed of 7 exons and consist of protein-coding (blue) and non-coding (or-
ange) sequences. The proteins are nearly identical except for four residues (represented by single-letter amino acid codes immediately
above and below the green line). The approximate location of each pathogenic variant (red text) is indicated by an arrow.
noncompaction (MIM: 613424). However, ACTC1 has not

been reported to underlie a multiple malformation syn-

drome that affects multiple organs.

Combined Annotation Dependent Depletion (CADD;

v.1.6)37 scores greater than 20.0 indicate that all five vari-

ants are predicted to be pathogenic (Table 1). For all five

of these variants, the homologous residues in ACTA1

have been reported38–43 to be perturbed in infants with

autosomal dominant severe congenital nemaline myop-

athy (Figure 2), leading to death before 1 year of age, an

observation that further suggests that these residues play

a critical role in sarcomere function. In addition, these var-

iants were either absent or exceedingly rare in gnomAD

v.2.1.1 or v.3.1.2. p.Arg185Trp was heterozygous in a

single individual in gnomAD and was the only variant

that has been reported previously in ClinVar (twice classi-

fied as ‘‘likely pathogenic’’). One of these ClinVar entries

(SCV000742090.2) reports that p.Arg185Trp was found

in an individual with ‘‘arthrogryposis multiplex congenita,

multiple suture craniosynostosis, high palate, cleft uvula,

pulmonary hypoplasia, bronchomalacia, pulmonary arte-

rial hypertension, hydrocephalus, cryptorchidism, penile

hypospadias, dysphagia, secundum atrial septal defect,

patent foramen ovale, shallow orbits, infra-orbital crease,

microretrognathia, webbed neck, short neck.’’ These clin-

ical findings suggest that this individual likely has the

same condition we describe here.

Pathogenic variant-associated changes in the overall

conformation and dynamics of g-actin

We first analyzed the conformations sampled by WT and

mutant g-actin to determine whether four of the variants

we identified (Figure 3A) led to large-scale conformational
Hu
changes within actin monomers. We calculated the Ca

RMSD (a measure of structural similarity) of each frame in

the simulation to the minimized structure. The overall

conformation of the actin monomers was preserved despite

introduction of each variant. In fact, the mutant simula-

tions all had smaller Ca RMSD values than the WT simula-

tions, indicating that the variants dampened structural

fluctuations in g-actin. All simulated systems had an average

Ca RMSD (a measure of structural similarity) of less than 2.6

Å to the crystallographic conformation (Table 2; WT: 2.6 Å,

p.p.Thr68Asn: 2.0 Å test statistic ¼ 5.09, p ¼ 0.007,

p.Gly199Ser, p.Arg185Trp: 2.4 Å test statistic ¼ 2.00, p ¼
0.12, p.Gly199Ser: 2.4 Å test statistic ¼ 1.14, p ¼ 0.32,

p.Arg374Ser: 2.2 Å test statistic ¼ 5.33, p ¼ 0.006; p values

denote statistical differences in the average RMSD values

of the WT simulations versus each mutant). The largest-

amplitude structural change was a breathing motion in

which relative scissoring of SD2 (subdomain 2) and SD4

opened and closed the nucleotide binding pocket, which

occurred in all simulations. We next measured the Ca

RMSFs and compared them with the WT simulations

(Figure S3). The majority of residues in g-actin had small

(<1 Å) Ca fluctuations about their average positions. The re-

gions with the greatest fluctuations were the DNase1 bind-

ing loop (also known as the D-loop, residues 41–56) and two

loops in SD4 (residues 199–204 and 219–224). The flexibil-

ities of most residues were not affected by the variants.

However, all four variants led to a decrease in the Ca

RMSF of residues in the D-loop (Figure S3), and statistically

significant (residues with significant differences denoted in

Figure S3) decreases in the Ca RMSF of D-loop residues were

observed for p.Thr68Asn, p.Arg185Trp, and p.Gly199Ser.

Each of the variants also caused low-magnitude (<0.5 Å)
man Genetics and Genomics Advances 4, 100213, July 13, 2023 7



Figure 3. Molecular structures of the globular and filamentous forms of human cardiac actin
(A) Globular actin (g-actin) monomers are comprised of four subdomains (subdomains 1–4 [SD1–SD4]) arranged around the nucleotide
binding pocket. The g-actin monomer simulated in this study contains ATP in the binding pocket. The atoms of four residues corre-
sponding to variant sites examined in this study are shown as spheres: T68 (orange), R185 (magenta), G199 (purple), and R374 (blue).
(B) Actin monomers polymerize into protofibrils, which then associate with one another to form filamentous actin (F-actin). In this
F-actin pentamer, chains A, C, and E form one protofibril, and chains B and D form the other. The pentamer simulated here has ADP
molecules in the nucleotide binding pockets. The location of residue T68 is denoted on chain C.
but statistically significant (residues with significant differ-

ences denoted in Figure S3) (p value and test) changes in

Ca RMSF among residues near the variant sites.

p.Thr68Asn modified the structural organization of SD2

and the D-loop

The RMSD and RMSF data indicated substantial changes in

the dynamics of the D-loop in the presence of all four

simulated variants. Therefore, we examined the dynamics

in this region in greater detail with an emphasis on the

p.Thr68Asn variant because T68 is located within SD2

and closest structurally to the D-loop. Changing Thr to

Asn (p.Thr68Asn) is somewhat conservative; both residues

have polar side chains, but the Asn side chain is long,

whereas Thr branches at Cb. The alternate conformations

accessible to Asn led to a cascade of changes in amino

acid interactions among neighboring residues in SD2

(Figures 4A–4C). The changes in contacts affected interac-

tions made by D-loop residues as well as a complex salt

bridge formed between residues 39, 70, and 83.

p.Thr68Asn increased the extent to which residues in the

D-loop formed an a helix secondary structure (Figures 4B

and 4D). p.Thr68Asn decreased the overall SASA of resi-

dues in the D-loop relative to the WT simulations

(Figure 4E). The net effect of the structural changes

induced by p.Thr68Asn shifted the structure and dynamic
Table 2. Ca RMSD values for g-actin monomer simulations

System Run 1 Run 2 Run 3 Average

WT 2.7 2.5 2.5 2.6

p.Thr68Asn 2.1 2.2 1.8 2.0

p.Arg185Trp 2.4 2.5 2.3 2.4

p.Gly199Ser 2.7 2.5 2.1 2.4

p.Arg374Ser 2.4 2.2 2.1 2.2
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behavior of SD2 so that the mutant SD2 adopted a more

compact and less flexible conformation relative to the WT.

These effects were most pronounced for p.Thr68Asn but

were also observed for the other variants. The greater effect

of p.Thr68Asn was likely due to its central position in SD2.

Altered structure and dynamics among D loop residues

were also observed for the p.Gly199Ser, p.Arg185Trp, and

p.Arg374Ser simulations (Figures S4–S6). All variants

altered inter-residue interactions formed by D loop resi-

dues and other SD2 residues (Figure S4). All variants

increased the extent to which residues in the D-loop

formed an a helix secondary structure in the ensemble

average

(p.Arg374Ser>p.Arg185Trp>p.Gly199Ser>p.Thr68Asn>-

WT; Figure S5). However, there was not a statistically

meaningful change in the net amount of a helix formed,

and this region did form an enduring a helix in one of

the WT simulations. All variants decreased the average

D-loop SASA (WT [1,375 Å2] > p.Arg374Ser [1,349 Å2, t

statistic ¼ 0.70, p ¼ 0.52] > p.Gly199Ser [1,335 Å2,

t statistic ¼ 1.47, p ¼ 0.21] > p.Arg185Trp [1,325 Å2, t

statistic ¼ 3.30, p ¼ 0.03] > p.Thr68Asn [1,294 Å2, t

statistic ¼ 3.53, p ¼ 0.02]; Figure S6). We analyzed statisti-

cally significant (Figures 4 and S4; Table S2) changes in

residue-residue contact networks to identify structural

pathways by which the variants altered SD2 dynamics

(Figure 5; Table S2). Altered residue-residue interactions

were only considered in this analysis when there was at

least a 10% difference in the average contact time fre-

quency between the WT and mutant simulations. The

extent to which the variants altered residue-residue inter-

action networks was variable. Disruption was greatest for

the p.Arg185Trp variant, and the p.Gly199Ser variant

was the least impactful. P.Thr68Asn modified local resi-

due-residue interactions to affect changes in SD2 and

the D-loop. p.Arg185Trp, p.Gly199Ser, and p.Arg374Ser

instead introduced structural changes that propagated



Figure 4. p.Thr68Asn alters the structure
and dynamics of g-actin SD2
(A and B) Comparison of representative
MD-derived snapshots of WT (A) and
p.Thr68Asn (B) g-actin highlights the struc-
tural and dynamic changes induced by
p.Thr68Asn (red ribbon). Side-chain atoms
of relevant residues are shown and anno-
tated.
(C) Bar heights correspond to the fraction of
time that select residue pairs spent in
contact with one another, averaged over
triplicate simulations (error bars correspond
to SD). p.Thr68Asn (orange bars) led to
shifts in several amino acid interactions
relative to the WT (black bars). Statistically
significant differences between the WT
and p.Thr68Asn contact frequencies are
denoted (ns, not significant; *p % 0.05,
**p % 0.01).
(D) p.Thr68Asn (orange) increased the a he-
lix secondary structure content of residues
40–50 within the D-loop relative to the
WT (black).
(E) The p.Thr68Asn variant (orange) led to a
decrease in the SASA of D-loop residues (41–
56) relative to the WT (black). The histo-
gram shows the SASA probability density
of all replicate simulations combined.
through SD4 and/or SD2 before ultimately altering SD2

structure (Figure 5; supplemental information; Table S2).

Although operating through distinct mechanisms, all

ACTC1 variants simulated in this study led to a common

change in the structure and dynamics of SD2 and the

D-loop.
p.Thr68Asn modified interactions between actin

subunits in F-actin

In our g-actin simulations, all variants led to similar struc-

tural changes in SD2 and the D-loop. To make predictions

about the effects of altered SD2 structure/dynamics in

actin filaments, we performed MD simulations of WT

and p.Thr68Asn cardiac F-actin pentamers (Figure 3B).

Simulation performance rapidly decreases with the num-

ber of atoms; therefore, we simulated pentamers as a

simplified proxy for actin filaments and only analyzed

the dynamics of the central chain (chain C) to avoid end

effects. F-actin filaments are composed of two protofibrils,

each of which contains monomers arranged so that SD3 of

one monomer is inserted into the cleft between SD2 and

SD4 of the succeeding monomer (moving from the –

to þ end). Two protofilaments twist around one another,

and the face of the monomer containing the variant (the

front-facing side in Figure 3B) is buried. SD2 is a critical

structural component of actin filaments; it forms

interactions between actins within a single protofilament

(intra-filament) and betweenmonomers of different proto-

filaments (inter-filament). For example, in the cryoelectron
Hu
microscopy (cryo-EM) structure, the D-loop of one mono-

mer encircles Y171 of the succeeding monomer in the

same protofilament (in our model, the D-loop of chain C

loops around Y171 of chain A). Additionally, R41 forms a

salt bridge with E272 of a monomer in the opposite proto-

filament. In GaMD simulations of F-actin, p.Thr68Asn

resulted in a shift in the structure and dynamics of SD2

and the D-loop (Figure 6). The variant resulted in a

change in residue-residue interactions made by the

D-loop (Figure 6A) and reduced the number of contacts

made between SD2 of chain C and atoms in other actin

subunits (Figure 6B). As observed in the g-actin simula-

tions, p.Thr68Asn promoted a more compact conforma-

tion of the D-loop in F-actin (Figure 6C). The more

compact loop conformation reduced interactions between

the D-loop of chain C and Y171 of chain A and also elim-

inated the salt bridge formed between R41 of chain C and

E272 of chain B (Figures 6D and 6E).
Discussion

We identified five unrelated families inwhich a total of eight

individuals have heterozygous, rare, pathogenic variants in

ACTC1 and share similar phenotypic effects, includingmul-

tiple congenital contractures, neck pterygia, scoliosis, and

congenital heart defects/cardiomyopathy. This pattern of

clinical findings appears to represent an autosomal domi-

nant disorder, distinct from previously reported Mendelian

conditions due to ACTC1 variants which are characterized
man Genetics and Genomics Advances 4, 100213, July 13, 2023 9



Figure 5. DA-associated variants lead to structural changes
within SD2
(A–D) The percent simulation time for which residue-residue
contacts endured were compared between the four mutant
simulations (p.Thr68Asn [A; orange], p.Arg185Trp [B; magenta],
p.Gly199Ser [C; purple], and p.Arg374Ser [D; blue]), and the WT
simulations (black). For each mutant-WT comparison, residue-res-
idue contacts that were present for statistically different percent-
ages of the simulations were mapped onto the reference crystal
structure of g-actin. Contacts that were present more frequently
in the WT simulations are denoted by black pipes, and contacts
present more frequently in the mutant simulations are colored or-
ange, magenta, purple, or blue. The thickness of the pipes corre-
sponds to the difference in percent simulation time that the con-
tact was present between the WT and mutant simulations (larger
pipes indicate that a contact was observed more frequently).
Although the variants were distributed throughout the structure,
they all led to statistically significant (see Table S2 for test statistics)
changes in the structure of SD2 (orange ribbons).
by cardiac abnormalities, including autosomal dominant

atrial septal defects [MIM: 612794],44 dilated cardiomyopa-

thy [MIM: 613424],45 hypertrophic cardiomyopathy [MIM:

612098],46 and left ventricular noncompaction [MIM:

613424]47). MD simulations demonstrate that all four vari-

ants (p.Thr68Asn, p.Arg185Trp, G19S, and p.Arg374Ser)

disrupt the native structure of the regions of actinmost asso-

ciated with protein-protein interactions (SD2 and the

D-loop), impeding interactions between actin and its bind-

ing partners, including other actins, during thin filament

assembly. Additionally, the altered D-loop structure is pre-

dicted to increase structural disorder within thin filaments,

resulting in ‘‘stretchier’’ thin filaments that may contract

more slowly, require greater loads to extend, have weakened

force production, and/or have slower rates of force produc-

tion. Structural perturbations to the D-loop are known to

affect thin filament stiffness.48,49 Thus, while the genetic

basis of this DA condition is unique compared with other

DAs, the underlying mechanisms may be similar if not

identical.9,15,50–52
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All of the pathogenic ACTC1 variants (n ¼ 87) reported

to date (Table S1), with the exception of p.Arg185Trp,

which we also identified in family D, were found in per-

sons noted only to have abnormalities of the heart. While

it is possible that congenital contractures have been over-

looked in thoe families, this seems like an unlikely expla-

nation for all or even most families. Alternatively, there

may be biological explanations for this observation,

none of which are mutually exclusive. First, none of the

residues perturbed in the families we identified, except

for Arg185, which has been found previously in a person

with congenital contractures, have been reported previ-

ously. So, the distribution of phenotypic effects associated

with these genotypes has been, to date, unknown. Second,

substitutions of each of these residues in ACTC1 increases

disorder of actin SD2 and D-loop interactions, and these

perturbations could be a unique consequence of contrac-

ture-associated variants. Third, the presence of a patho-

genic ACTC1 variant may be necessary but not sufficient

for development of congenital contractures. In other

words, skeletal muscle might be affected only in the pres-

ence of (a) genetic modifier(s). We verified the absence of

additional rare coding ACTC1 or ACTA1 variants but could

not exclude the presence of structural variants and/or var-

iants in non-coding regulatory elements that might alter

expression of ACTC1 or ACTA1.

The observation that rare genotypes in ACTC1 underlie

cardiac and skeletal abnormalities is not without precedent.

ACTC1andACTA1arehighlyhomologous,differingbyonly

four amino acids (Figure 2), and both actins are expressed in

skeletal and cardiac muscle.53–56 During fetal development,

ACTC1 is the predominant actin, as measured by protein

expression, in skeletal and cardiac muscle.55 It is downregu-

lated starting around 27–28 weeks of fetal development and

continues to decline until �6 months of age, when it ac-

counts for �5% of total actin.55 In adult skeletal muscle,

ACTC1 and ACTA1 account for �5% and 95% of actin,

respectively,55 and ACTC1 accounts for �80% of actin in

adult cardiac muscle.53 These differences in spatial and

temporal expression are considered explanations for the

exclusive association of skeletal muscle abnormalities (i.e.,

nemaline myopathy [MIM: 161800], actin accumulation

myopathy [MIM: 161800], congenital fiber-type dispropor-

tion [MIM: 255310], intranuclear rod myopathy [MIM:

161800], etc.) with pathogenic ACTA1 variants and cardiac

abnormalities (autosomal dominant atrial septal defects

[MIM:612794],44dilated [MIM:613424]45 andhypertrophic

[MIM: 612098]46 cardiomyopathy, and left ventricular non-

compaction [MIM: 613424]47) with pathogenic variants

in ACTC1. Of the hundreds of individuals described

with ACTA1-associated myopathy, only 12 (9 unique

variants)57–65 have been reported to also have a cardiac ab-

normality (Table S1), either in conjunction with a skeletal

myopathy (n ¼ 10) or alone (n ¼ 2). Rare variants in

ACTC1 resulting in congenital contractures in a small frac-

tion of persons with ACTC1 variants appears to be the

corollary.
3



Figure 6. p.Thr68Asn alters inter-chain interactions made by SD2 in F-actin
Residue-residue interactions formed between SD2 of chain C and chains A and B were analyzed in the GaMD simulations of theWTand
p.Thr68Asn F-actin.
(A) p.Thr68Asn led to statistically significant differences in residue-residue contacts formed by SD2 of chain C (denoted by pipes as in
Figure 5). Differences were found in contacts formed between SD2 of chain C and SD1 of chain A as well as in contacts formed between
SD2 of chain C and the SD3-SD4 linker of chain B.
(B) The total number of atom-atom interactions formed between SD2 of chain C and all atoms in chains A and B were monitored in the
WT and p.Thr68Asn GaMD simulations. Relative to the WT simulation (black), the p.Thr68Asn simulation (orange) had fewer inter-
chain contacts involving chain CSD2.
(C–E) In the reference cryo-EM structure and WT simulation, the D-loop of SD2 in chain C fits into a pocket formed by SD1 and SD3 of
chain A. The p.Thr68Asn simulations instead sampled non-native conformations in which the D-loop exited this binding pocket. In the
reference cryo-EM structure and the WT simulation (D), the D-loop of chain C is stabilized via a network of hydrophobic interactions
formed with Y171 of chain A as well as a hydrogen bond network involving Arg 41 (chain C), Thr 68 (chain C), and Glu 272 (chain B).
These interactions were disrupted in the p.Thr68Asn simulation (E).
Pathogenic variants in ACTC1 result in skeletal muscle

contractures even though ACTC1 accounts for only �5%

of total actin in adult skeletal muscle.53 The most likely

explanation is that the skeletal muscle contractures origi-

nate during fetal development, when ACTC1 is the pre-

dominant source of sarcomeric actin, and replacement of

most skeletal muscle actin with wildtype ACTA1 during in-

fancy is insufficient to correct the abnormality. However, it

is possible that ACTC1 has a previously unknown function

in skeletal muscle biology or that mutant ACTC1 protein

interferes with the function of actin encoded by ACTA1.

Testing this hypothesis will require further functional

characterization of these variants.

The MD simulations are limited by several factors. First

and foremost, themethodused to introduce thepathogenic

variants assumes that themutant constructs can accessWT-

like conformations, and the timescale along which they

transition from a WT-like ensemble to a mutant ensemble

is not known. Second, our simulationshave probed isolated

states of g-actin and F-actin and cannot directly describe ef-

fects the variants have on interactions between g-actin and

its binding partners nor between F-actin and the rest of the

contractile machinery present in sarcomeres. Nevertheless,

these simulations provide predictions about the functional
Hum
consequencesofDA-associatedvariants inACTC1, generate

hypotheses on disease mechanisms, and provide guidance

for future studies, such as investigation of whether the var-

iants result in impaired filament assembly or impaired fila-

ment mechanics.

In summary, we identified five unrelated families with

heterozygous pathogenic variants in ACTC1 resulting in

multiple congenital contractures, webbed neck, scoliosis,

short stature, and distinctive facial features as well as car-

diac abnormalities, including atrial and ventricular septal

defects, left ventricular noncompaction, and cardiomyop-

athy. This appears to be a novel Mendelian condition

because of pathogenic variants in a gene known to under-

lie conditions characterized only by cardiac defects. Our

findings suggest that persons with multiple congenital

contractures should be tested for pathogenic variants in

ACTC1 and that persons with contractures and pathogenic

variants in ACTC1 should undergo cardiac evaluation for

structural and functional abnormalities.
Data and code availability

Sequence data for family A is in dbGaP under accession number

phs000693, and those for families B and C will be available in
an Genetics and Genomics Advances 4, 100213, July 13, 2023 11



the AnVIL under accession number phs003047 pending the first

public release of the GREGoR dataset. Please contact the corre-

sponding author, M.J.B., for further information.
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.xhgg.2023.100213.
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3. Lindskog, C., Linné, J., Fagerberg, L., Hallström, B.M., Sund-

berg, C.J., Lindholm, M., Huss, M., Kampf, C., Choi, H.,

Liem, D.A., et al. (2015). The human cardiac and skeletal mus-

cle proteomes defined by transcriptomics and antibody-based
12 Human Genetics and Genomics Advances 4, 100213, July 13, 202
profiling. BMC Genom. 16, 475. https://doi.org/10.1186/

s12864-015-1686-y.

4. Sung, S.S., Brassington, A.-M.E., Grannatt, K., Rutherford, A.,

Whitby, F.G., Krakowiak, P.A., Jorde, L.B., Carey, J.C., and Bam-

shad,M. (2003).Mutations inGenesEncoding Fast-TwitchCon-

tractile Proteins Cause Distal Arthrogryposis Syndromes. Am. J.

Hum. Genet. 72, 681–690. https://doi.org/10.1086/368294.

5. Sung, S.S., Brassington, A.-M.E., Krakowiak, P.A., Carey, J.C.,

Jorde, L.B., and Bamshad, M. (2003). Mutations in TNNT3

cause multiple congenital contractures: a second locus for

distal arthrogryposis type 2B. Am. J. Hum. Genet. 73, 212–

214. https://doi.org/10.1086/376418.

6. Toydemir, R.M., Rutherford, A., Whitby, F.G., Jorde, L.B.,

Carey, J.C., and Bamshad, M.J. (2006). Mutations in embry-

onic myosin heavy chain (MYH3) cause Freeman-Sheldon

syndrome and Sheldon-Hall syndrome. Nat. Genet. 38, 561–

565. https://doi.org/10.1038/ng1775.

7. Toydemir, R.M., Chen, H., Proud, V.K., Martin, R., van Bok-

hoven, H., Hamel, B.C.J., Tuerlings, J.H., Stratakis, C.A., Jorde,

L.B., and Bamshad, M.J. (2006). Trismus-pseudocamptodac-

tyly syndrome is caused by recurrent mutation of MYH8.

Am. J. Med. Genet. 140, 2387–2393. https://doi.org/10.

1002/ajmg.a.31495.

8. Bamshad, M., Jorde, L.B., and Carey, J.C. (1996). A revised and

extended classification of the distal arthrogryposes. Am. J.

Med. Genet. 65, 277–281. https://doi.org/10.1002/(sici)1096-

8628(19961111)65:4<277::aid-ajmg6>3.0.co;2-m.

9. Racca, A.W., Beck, A.E.,McMillin,M.J., Korte, F.S., Bamshad,M.J.,

and Regnier, M. (2015). The embryonic myosin R672Cmutation

that underlies Freeman-Sheldon syndrome impairs cross-bridge

detachment and cycling in adult skeletal muscle. Hum. Mol.

Genet. 24, 3348–3358. https://doi.org/10.1093/hmg/ddv084.

10. Mcmillin, M.J., Beck, A.E., Chong, J.X., Shively, K.M., Buck-

ingham, K.J., Gildersleeve, H.I.S., Aracena, M.I., Aylsworth,

A.S., Bitoun, P., Carey, J.C., et al. (2014). Mutations in

PIEZO2 cause Gordon syndrome, Marden-Walker syndrome,

and distal arthrogryposis type 5. Am. J. Hum. Genet. 94,

734–744. https://doi.org/10.1016/j.ajhg.2014.03.015.

11. Coste, B., Houge, G., Murray, M.F., Stitziel, N., Bandell, M.,

Giovanni, M.A., Philippakis, A., Hoischen, A., Riemer, G.,

Steen, U., et al. (2013). Gain-of-function mutations in

the mechanically activated ion channel PIEZO2 cause a

subtype of Distal Arthrogryposis. Proc. Natl. Acad. Sci. USA

110, 4667–4672. https://doi.org/10.1073/pnas.1221400110.

12. Mcmillin, M.J., Below, J.E., Shively, K.M., Beck, A.E., Gilder-

sleeve, H.I., Pinner, J., Gogola, G.R., Hecht, J.T., Grange,

D.K., Harris, D.J., et al. (2013). Mutations in ECEL1 Cause

Distal Arthrogryposis Type 5D. Am. J. Hum. Genet. 92, 150–

156. https://doi.org/10.1016/j.ajhg.2012.11.014.

13. Dieterich, K., Quijano-Roy, S., Monnier, N., Zhou, J., Fauré, J.,
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