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ARTICLE
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Niklas Darin,28 Julien Fauré,5,6 Henry Houlden,13 Anders Oldfors,22 Ichizo Nishino,12,23,24

Willem de Ridder,8,9,10 Volker Straub,14,29 Wojciech Pokrzywa,30 Jocelyn Laporte,4 A. Reghan Foley,1

Norma B. Romero,7,31,32 Coen Ottenheijm,15,33 Thorsten Hoppe,2,3,35,* and Carsten G. Bönnemann1,35,*
Summary
The myosin-directed chaperone UNC-45B is essential for sarcomeric organization and muscle function from Caenorhabditis elegans to

humans. The pathological impact of UNC-45B in muscle disease remained elusive. We report ten individuals with bi-allelic variants

in UNC45Bwho exhibit childhood-onset progressive muscle weakness. We identified a common UNC45B variant that acts as a complex

hypomorph splice variant. Purified UNC-45B mutants showed changes in folding and solubility. In situ localization studies further

demonstrated reduced expression of mutant UNC-45B in muscle combined with abnormal localization away from the A-band towards

the Z-disk of the sarcomere. The physiological relevance of these observations was investigated in C. elegans by transgenic expression of

conserved UNC-45 missense variants, which showed impaired myosin binding for one and defective muscle function for three.

Together, our results demonstrate that UNC-45B impairment manifests as a chaperonopathy with progressive muscle pathology, which

discovers the previously unknown conserved role of UNC-45B in myofibrillar organization.
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tractile units referred to as sarcomeres. The sarcomeric

repeat is a supra-molecular dynamic structure in which

actin and myosin filaments, together with associated pro-

teins, are arranged in a precise order. The near crystalline
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lattice of the sarcomere coordinates actin-myosin cross-

bridge cycling, facilitating sarcomere shortening, filament

gliding, and muscle contraction. The folding, stability, and

organization of sarcomeric proteins into muscle filaments

is governed by molecular chaperones.1 The fundamental

importance of chaperones for the development and main-

tenance of skeletal muscle is underscored by recent studies

indicating that chaperone dysfunction is responsible for a

distinct subset of hereditary myopathies. These so-called

chaperonopathies are characterized by pathogenic variants

in genes encoding chaperones and co-chaperones of struc-

tural muscle components. For example, loss of the small

heat shock protein CRYAB (MIM: 123590) affects folding

of the muscle intermediate filament desmin, clinically

manifesting as a myofibrillar myopathy known as

aB-crystallinopathy.2 Additional disease mechanisms

include impaired homeostasis of chaperone-assisted selec-

tive autophagy (CASA) linked to pathogenic variants in the

HSP70 co-chaperone BAG3 (MIM: 603883), clinically man-

ifesting with a progressive myofibrillar myopathy with sig-

nificant cardiac as well as peripheral nerve pathologies.3,4

The subsequent identification of variants in DNAJB6

(MIM: 611332) that cause limb-girdle muscular dystrophy

(LGMDD1) provided clear evidence of abnormal sarco-

meric aggregate pathology in these chaperonopathies.5,6

The clinical spectrum of chaperonopathies has expanded

over the last years to include hereditary motor neuropa-

thies, with or without muscle involvement, caused by

HSPB1 (MIM: 602195), HSPB3 (MIM: 604624), HSPB8

(MIM: 608014), and DNAJB2 (MIM: 604139) defects.7

These examples suggest that abnormal chaperone function

is an important driver in neuromuscular disease, suggest-

ing that its correction might be a valid therapeutic

approach.8

The abovementioned chaperones are involved in the

proper folding and stability of aggregation-prone proteins

in various cell types, including muscle. In contrast to the

broad functional spectrum of many molecular chaperones,

more specialized chaperone systems regulate muscle

contraction by folding and assembling of conventional

type II myosin.9 Type II myosins are composed of two

myosin heavy chains, each containing an identical myosin

head, whose folding requires precise temporal and spatial

control, mediated by conserved UCS (UNC-45/CRO1/

She4p) domain-containing proteins.10–12 As one founding

member of the UCS family, UNC-45 (MIM: 611220) was first

identified in C. elegans, revealing that conditional loss-of-

function mutations result in abnormal myofilament assem-

bly and uncoordinated locomotion defects.13 UNC-45 ortho-

logs exist in all vertebrates, and various point mutations

have been associated with skeletal and cardiac function in

C. elegans, Drosophila, zebrafish, and Xenopus.14,15 UNC-45

contains four domains: an N-terminal TPR domain (TPR

repeat 1–3), a conserved central domain (ARM repeat 4–5),

a neck domain (ARM repeat 6–9), and a C-terminal UCS

domain (ARM repeat 10–17) (Figure 1A).16,17 TheN-terminal

TPR domain is important for binding to the chaperones
2 The American Journal of Human Genetics 107, 1–18, December 3,
Hsp70 andHsp90, while the C-terminal UCS domain associ-

ates with the head of muscle myosin.18 Mechanistically,

UNC-45 oligomers have been described to serve as a multi-

site-docking platform, which supports precisely defined

collaboration with the general chaperones Hsp70 and

Hsp90 in folding and assembly of myosin filaments.17

Thus, UNC-45 provides substrate specificity for the partner

chaperones during late stages of myofibrillogenesis

(Figure1B).The repetitivearrangementofUNC-45oligomers

with myosin-binding UCS domains protruding from the

linear protein chain serves as a template that defines theperi-

odicity of myosin organization in growing sarcomeres.

The muscle sarcomere is a complex structure perma-

nently challenged bymechanical stress, whichpresupposes

the dynamic coordination between protein folding and

degradation pathways.1,18 On the basis of its central role

as a myosin-directed chaperone, both UNC-45 stability

and localization are precisely regulated. UNC-45 degrada-

tion ismediatedbyubiquitin-dependentproteolysis,which

coordinatesmyosin folding and assembly both inC. elegans

and human myoblasts.18,19 Conclusively, defective degra-

dation of UNC-45B in individuals with VCP-related inclu-

sion-body myopathy (MIM: 601023) is linked to disorga-

nized myofibrils and impaired sarcomeric function.19

Despite the conserved role in myofibrillogenesis and ev-

idence from multiple model organisms, the relevance of

muscle-specific UNC-45B dysfunction for the pathology

and pathogenesis of humanmyopathies had remained un-

clear.19 Here, we present comprehensive findings that

establish bi-allelic pathogenic variants in UNC45B (MIM:

611220) as an underlying cause of a chaperonopathy, clin-

ically manifesting as a progressive myopathy with recog-

nizable muscle eccentric core histology in humans.
Material and Methods

Recruitment and Sample Collection
Individuals were identified through their local neurology and ge-

netics clinics. P3 and P4 were identified through GeneMatcher.20

Written informed consent and age-appropriate assent for study

procedures were obtained by a qualified investigator [protocol

12-N-0095 approved by the National Institute of Neurological Dis-

orders and Stroke, National Institutes of Health Institutional Re-

view Board (IRB); project ID: 07/N018, Research Ethics Committee

(REC) Ref: 07/Q0512/26 approved by the UCLH local institutional

IRB; Protocol 317-05 approved by the Regional Ethical Review

Board in Gothenburg (317-05)]. Medical history was obtained

and clinical evaluations, including muscle magnetic resonance

(MR) imaging and muscle biopsy, were performed as part of the

standard diagnostic examination. Muscle MR imaging included

T1 axial images of the lower extremities. Muscle biopsy histology

slides and electron microscopy (EM) images were independently

reviewed. DNA was obtained according to standard procedures.

Whole-Exome and RNA Sequencing
Whole-exome sequencing (WES) was pursued by six independent

teams.Details areprovided inSupplementalMethods.Confirmation

of variants in individuals and in available family members was
2020



A

B

Figure 1. Bi-allelic Variants in the Myosin-Directed Chaperone UNC-45B
(A) UNC-45 contains four domains: an N-terminal TPR domain (light green), a conserved central domain (dark gray), a neck domain
(light gray), and a C-terminal UCS domain (orange). The N-terminal TPR domain is important for the interaction with Hsp90 and
Hsp70 chaperones, and the C-terminal UCS domain binds directly to the myosin head domain. The recurring UNC45B variant
p.Arg754Gln (dark blue) and the p.Arg778Trp (light blue) variant impact conserved arginines in the myosin-binding UCS domain. Var-
iants p.Ser403Pro (pink) and p.Cys514Arg (dark green) are located in the UNC-45B neck domain.
(B) Overview of the muscle sarcomere. UNC-45 is involved in myofibrillogenesis, cooperating with Hsp90 to fold and to incorporate
myosin into the thick filament. In adulthood, UNC-45 is stored at the Z-disk. Upon injury to the muscle fiber, UNC-45 shuttles to
the A-band to help refold damaged myosin.
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performedbySanger sequencing.RNAsequencingonRNAextracted

frommuscle was pursued for P2, P3, and P4. Details can be found in

Supplemental Methods.

Immunoblot
Skeletal muscle biopsy sections from control and affected individ-

uals P1, P2, P9, and P10 were homogenized with lysis buffer con-

taining 4% SDS, 125mMTris-HCL (pH 8.8), 40%Glycerol, 500 mM
The Am
PMSF, and 100 mM DTT. The lysates were sonicated on ice fol-

lowed by centrifugation (14,000 rpm for 15 min at 4�C). The pro-

tein from the supernatants was electrophoresed on NuPAGE 4%–

12% Bis-Tris gel (Invitrogen, Carlsbad, CA) under reducing condi-

tion followed by a transferring to nitrocellulose membrane (Milli-

pore, Billerica, MA). After block with Odyssey PBS blocking buffer

(LI-COR, Lincoln, NE), themembrane was incubated with primary

antibody anti-UNC-45B (Sigma-Aldrich, St. Louis, MO) and anti-
erican Journal of Human Genetics 107, 1–18, December 3, 2020 3
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desmin (Sigma-Aldrich, St. Louis, MO) overnight at 4�C and subse-

quently incubated with IRDye 680RD goat anti-rabbit IgG and IR-

Dye 800CW goat anti-mouse IgG secondary antibodies (LI-COR,

Lincoln, NE) at room temperature and imaged on the Odyssey

CLx Imaging System (LI-COR, Lincoln, NE).

Immunostaining and Microscopy
Pre-cooled 100% methanol fixed 8 mm muscle longitudinal sec-

tions were blocked in PBS with 10% goat serum and 0.1% Triton

X-100 then incubated with primary antibodies anti-UNC-45B

(Sigma-Aldrich, St. Louis, MO) and anti-myomesin (DSHB, Iowa

City, IA) overnight at 4�C. The antibody labeling was detected

with secondary antibodies Alexa488-conjugated goat anti-mouse

IgG and Alexa568-conjugated goat anti-rabbit IgG (Thermo Fisher

Scientific, Waltham, MA) for 1 h at room temperature. Prepared

muscle sections were imaged with a Zeiss Airy microscope (Zeiss,

Germany). Images were analyzed via ImageJ software (National In-

stitutes of Health).

Human UNC-45B Protein Structure Modeling and

PyMOL Structural Analysis
For human UNC-45B protein structure modeling, the SWISS-

MODEL online tool was used.21 C. elegans UNC-45 (PDB: 4i2z)

was indicated as reference crystal structure. For further structural

analyses, the PyMOL 2.3.3 software (Schrödinger) and proprietary

scripts were used. Themodeled humanUNC-45B protein structure

was displayed and single amino acid mutations inserted with the

mutagenesis wizard tool choosing the rotamer with the lowest

root-mean-square deviation value. Steric and electrostatic interac-

tions were depicted with the show_bumps plugin and calculations

of van der Waals overlaps.

Cloning, Protein Expression, and Purification
Standard molecular biology protocols were used.22 Human UNC-

45B cDNA was cloned into the E. coli expression vector pET21a

with an N-terminal myc-tag and a C-terminal 6xHIS-tag via the

NEBuilder Master Mix (New England Biolabs). We mutated the

vector by using the Q5 Site-Directed Mutagenesis Kit (New En-

gland Biolabs) to introduce the following variants: p.Arg754Gln,

p.Arg778Trp, p.Ser403Pro, and p.Cys514Arg. We mutated a

pET21a vector encoding myc-UNC-45-6xHIS amplified from

C. elegans cDNA by using the Q5 Site-Directed Mutagenesis Kit

(New England Biolabs) to introduce the following variants:

p.Arg767Gln and p.Arg792Trp. Oligonucleotides used in this

study are listed in Table S2. Overexpression in E. coli BL21-CP

was induced with 100 mM IPTG and carried out at 16�C–18�C for

18–20 h. Subsequently, cells were harvested by centrifugation

and lysed by sonication in 50 mM NaH2PO4 (pH 8.0), 300 mM

NaCl, and 10 mM imidazole. According to the manufacturer’s in-

structions, the tagged proteins were affinity purified by submitting

the cleared bacterial lysates to Ni-NTA agarose-binding (QIAGEN).

After exchanging the buffer to 20 mM Tris (pH 8.0) and 150 mM

NaCl, protein amount was determined by Coomassie staining of

SDS-PAGE gels with bovine serum albumin as standard.

Partial Trypsin Proteolysis
For limited proteolysis assays, 2.4 mg purified proteins myc-

UNC-45B(WT)-6xHIS, myc-UNC-45B(p.Arg754Gln)-6xHIS, myc-

UNC-45B(p.Arg778Trp)-6xHIS, myc-UNC-45B(p.Ser403Pro)-6xHIS,

myc-UNC-45B(p.Cys514Arg)-6xHIS, myc-UNC-45-6xHIS, myc-

UNC-45(p.Arg767Gln)-6xHIS, and myc-UNC-45(p.Arg792Trp)-
4 The American Journal of Human Genetics 107, 1–18, December 3,
6xHIS diluted in PBS (pH 7.4) were incubated with 20 ng of

trypsin (SERVA) for 1, 2, 5, 10, 20, 40, or 60 min at room temper-

ature (�22�C) or 37�C. A control reaction was incubated with PBS

instead of trypsin for 60 min (time point 0). Reactions were

stopped by adding 53 SDS sample buffer (0.25 M Tris-HCl, 10%

SDS, 50% glycerol, 0.5 M DTT, and 0.25% bromophenol blue)

and flash freezing in liquid nitrogen. After collecting, all samples

were boiled at 95�C for 5 min, run on SDS-PAGE gels, and stained

with Instant Blue Coomassie stain (Expedeon). Images were

taken with an Odyssey CLx Imager (LI-COR Biotechnology) via

the 700 nm channel, intact protein bands were quantified with

Image Studio Version 5.2 software, and relative fluorescence

signal compared to time point 0 was plotted.
Thermal Shift Assay with SYPRO Orange
10 mg purified proteins myc-UNC-45B(WT)-6xHIS, myc-

UNC-45B(p.Arg754Gln)-6xHIS, myc-UNC-45B(p.Arg778Trp)-6xHIS,

myc-UNC-45B(p.Ser403Pro)-6xHIS, and myc-UNC-45B(p.Cy-

s514Arg)-6xHIS were diluted in ice-cold 20 mM Tris (pH 8.0),

150 mM NaCl, and 2.53 SYPRO Orange protein stain and heated

in 0.5�C increments from 10�C to 95�C in a CFX Real-Time PCR

Cycler (Bio-Rad). Melt curves were recorded with the FRET chan-

nel, normalized to buffer-only control, and fitted to Boltzmann

sigmoidal curve regression in GraphPad Prism 5 software. Half

maximal temperatures were read as melting temperatures.
Filter Trap Assay and Slot Blot
20 mg purified proteins myc-UNC-45B(WT)-6xHIS, myc-

UNC-45B(p.Arg754Gln)-6xHIS, myc-UNC-45B(p.Arg778Trp)-6xHIS,

myc-UNC-45B(p.Ser403Pro)-6xHIS, and myc-UNC-45B(p.Cy-

s514Arg)-6xHIS were diluted in ice-cold 20 mM Tris (pH 8.0)

and 150 mM NaCl and incubated rotating at room temperature

(22�C) for 1 h. Three decreasing amounts of protein solution

were loaded onto a 0.2 mm cellulose acetate membrane assembled

in a slot blot apparatus (Bio-Rad). The membrane was washed

with PBS and 0.2% SDS and retained aggregated protein was as-

sessed by immunoblotting for myc-tag (9E10, Roche).
C. elegans Maintenance and Transgenic Lines
Unless stated otherwise, nematodes were grown at 15�C on nem-

atode growth medium (NGM) plates seeded with the bacterial

E. coli strain OP50 as a food source according to standard protocols

and methods.23,24 The N2 Bristol strain served as the wild type

(WT). Additional strains used in this study are unc-119(ed4)III,

unc-45(m94)III, and unc-45(m94)III; hhIs84[unc-119(þ); unc-

54::unc-45FLAG].17 For the generation of transgenic rescue strains,

plasmids encoding C-terminally FLAG-tagged UNC-45 under the

muscle-specific promoter unc-54, containing the unc-119(þ) selec-

tion marker, generated by Gazda et al.,17 were mutated with the

Q5 Site-Directed Mutagenesis Kit (New England Biolabs). The

following conserved variants were introduced: p.Arg767Gln,

p.Arg792Trp, p.Ile422Pro, and p.Cys523Arg. Oligonucleotides

used in this study are listed in Table S2. These constructs were

bombarded into unc-119(ed4) worms as described previously.25

Microparticle bombardment was done with the Bio-Rad Biolistic

PDS-1000/HE with 0.25 in gap distance, 9 mm macrocarrier to

screen distance, 28 in of Hg vacuum, and a 1,350 psi rupture

disc. Per bombardment, about 1 mg of 1 mm microcarrier gold

beads were coated with 8–10 mg linearized DNA. Animals were al-

lowed to recover for 1 h at room temperature and were then trans-

ferred to 90 mm NGM plates seeded with E. coli OP50 bacteria.
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After 3 weeks at 25�C, motile non-unc worms were singled and

screened for homozygosity. All strains that were used in this study

are listed in Table S3.

Motility Assay
For body bend assays, individual young adult worms grown at

25�C were placed in 1 mL M9 buffer (room temperature 22�C)
and body bends were counted during 30 s and doubled to calculate

body bend counts per minute.

Quantification of I-Bands Assembly
Sarcomere assembly was monitored by labeling F-actin with

phalloidin-rhodamine (Invitrogen). Briefly, synchronized young

adult worms were fixed in 4% (w/v) paraformaldehyde solution

for 20 min at room temperature. After permeabilization of the

cuticle in a 3% b-mercaptoethanol solution containing 1%

Triton X-100, the F-actin in body wall muscle sarcomeres was

stained with phalloidin-rhodamine (Invitrogen). Stained worms

were mounted on glass slides and imaged via an Axio Imager.Z1

microscope (Zeiss). The number of I-bands per body wall muscle

cell was counted in the same area (between the pharynx and

vulva).

Co-immunoprecipitation Studies
For co-immunoprecipitations, synchronized young adult WT

worms, unc-45(m94), or worms expressing transgenic, FLAG-

tagged UNC-45 were sonicated in lysis buffer (50 mM Tris

[pH 8.0], 150 mM NaCl, 1% Triton X-100, and protease inhib-

itor mix [Roche]), and immunoprecipitation was performed

with the mMACS DYKDDDDK Isolation Kit (Miltenyi Biotec)

following the manufacturer’s instructions. Briefly, 150 mg of

worm lysates were incubated with 50 mL Anti-DYKDDDDK Mi-

croBeads for 45 min at 4�C. Immunoprecipitants were washed

four times with 200 mL Wash Buffer 1 (150 mM NaCl, 1% Ige-

pal CA-630 [formerly NP-40], 0.5% sodium deoxycholate, 0.1%

SDS, and 50 mM Tris HCl [pH 8.0]) on mColumns placed in the

magnetic field of a mMACS Separator. Subsequently, immuno-

precipitants were washed once in 100 mL Wash Buffer 2

(20 mM Tris HCl [pH 7.5]) and eluted with hot 23 SDS-PAGE

sample buffer. Immunoblotting was performed with antibodies

against UNC-45, DAF-21 (gift from Richard Morimoto), UNC-

54 (mAb5-8-1, DSHB), and Tubulin (T6074, Sigma). Proteins

were detected by immunoblotting on PVDF membranes via

Amersham ECL Prime (GE Healthcare) in a Bio-Rad ChemiDoc

Imager.

Statistical Analysis
For statistical analyses, the GraphPad Prism 5 software was used.

Non-parametric statistical tests were used according to the soft-

ware’s recommendations and specified in the respective figure leg-

ends and descriptive text. Results are usually given as mean and

standard error of the mean (SEM).
Results

Bi-allelic Variants in the Myosin Chaperone UNC-45B in

Individuals with Muscle Weakness

We report ten affected individuals from eight independent

families clinically manifesting with childhood-onset, pro-

gressive proximal and axial muscle weakness and various
The Am
degrees of respiratory insufficiency. The clinical presenta-

tions are summarized in Table 1. Of the identified families,

there was one family with three affected siblings (P6, P7,

and P8). The only other notable family history was for

P1; P1 had a brother with a history of nystagmus and vom-

iting who was suspected to have a mitochondrial disorder

of unknown genetic etiology and who passed away at

3 months of age.

To elucidate the possible origin of the muscle disease,

we pursued WES, identifying a recurring homozygous

c.2261G>A (p.Arg754Gln) missense variant in UNC45B

(NM_173167.3) in seven affected individuals from five

independent families of various ethnic backgrounds (Ta-

ble S1). This variant is rare with nine reports in hetero-

zygous state, and none in homozygosity, in the Genome

Aggregation Database (gnomAD), and it has an allele

frequency of 4.732 3 10�5. On the protein level, this

variant impacts a conserved arginine in the UNC-45B

C-terminal UCS domain, which is essential for the inter-

action with myosin (Figure 1A). P2 was found to be

compound heterozygous for a maternally inherited

c.2261þ5G>C splice variant and a paternally inherited

c.2332C>T (p.Arg778Trp) missense variant impacting

the UCS domain of UNC-45B. This rare missense variant

is predicted to be damaging and reported 45 times in

heterozygous state, and none in homozygosity, in gno-

mAD; it has an allele frequency of 1.593 3 10�4. P9

was found to have the recurring p.Arg754Gln variant

in compound heterozygosity with a rare predicted-to-

be-damaging c.1207T>C (p.Ser403Pro) variant impact-

ing the UNC-45B neck domain (Figure 1A). Lastly, P10

was found to be homozygous for a predicted-to-

be-damaging c.1540T>C (p.Cys514Arg) missense

variant impacting the UNC-45B neck domain. This

variant is listed as a rare SNP (rs775340790) with

nine reported in heterozygous state, and none in homo-

zygosity, in gnomAD; it has an allele frequency of

3.580 3 10�5.

UNC45B Variants Manifest Clinically as a Childhood-

Onset Myopathy

Six individuals presented with first recognition of

axial and proximal weakness in early childhood.

These affected individuals reported a slow progression

of muscle weakness and remained ambulatory into

adulthood. Of interest, these individuals were all homo-

zygous for the recurring c.2261G>A (p.Arg754Gln)

variant. Three individuals with other UNC45B vari-

ants were reported to have a congenital onset of

symptoms.

Serum creatine kinase (CK) levels were reported within

normal reference ranges in all individuals. Respiratory

function ranged from significantly decreased to normal

with forced vital capacity (FVC) measurements ranging

from 45%–99% predicted. Five individuals had abnormal-

ities on electrocardiogram (ECG), while structural

cardiac abnormalities were seen in two. Lower extremity
erican Journal of Human Genetics 107, 1–18, December 3, 2020 5



Table 1. Clinical Characteristics and UNC45B Variants Identified

Individual P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

UNC45B variant homozygous
c.2261G>A (p.
Arg754Gln)

c.2332C>T
(p.Arg778Trp) (p);
c.2261þ5G>C
(m)

homozygous
c.2261G>A
(p.Arg754Gln)

homozygous
c.2261G>A
(p.Arg754Gln)

homozygous
c.2261G>A
(p.Arg754Gln)

homozygous
c.2261G>A
(p.Arg754Gln)

homozygous
c.2261G>A
(p.Arg754Gln)

homozygous
c.2261G>A
(p.Arg754Gln)

c.2261G>A
(p.Arg754Gln) (p);
c.1207T>C
(p.Ser403Pro) (m)

homozygous
c.1540T>C
(p.Cys514Arg)

Sex/age at last
examination
(years)

F/18 F/19 M/27 M/31 M/19 M/53 M/55 M/52 F/6 M/10

Ethnicity /
consanguinity

Hispanic/no Hispanic/no Turkish/yes Turkish/yes Turkish/yes Thai/no Thai/no Thai/no Sicilian/no Swedish/no

First symptoms
(age)

proximal muscle
weakness (6
years)

progressive
scoliosis, poor
weight gain
(7 months)

delayed motor
milestones;
walked at 2 years

delayed motor
milestones;
walked at 2 years

proximal muscle
weakness (4 years)

proximal muscle
weakness (6 years)

proximal muscle
weakness (5
years)

muscle weakness
(6 years)

congenital
hypotonia, weak
cry, feeding
difficulties;
delayed motor
milestones;
walked at 3 years

congenital
hypotonia, knee
contractures,
feeding and
respiratory
difficulties

Distribution of
weakness

slowly
progressive axial
and proximal
weakness

axial and
proximal
weakness

slowly progressive
proximal
weakness

slowly progressive
proximal
weakness

slowly progressive
proximal
weakness

slowly progressive
childhood onset
proximal
weakness

slowly progressive
childhood onset
proximal
weakness

slowly
progressive
proximal muscle
weakness

proximal
weakness

axial weakness

Muscle bulk calf hypertrophy calf hypertrophy – calf hypertrophy calf hypertrophy;
atrophy of
shoulder girdle

– – calf hypertrophy – moderate
generalized
atrophy

CK (U/L)
[reference range]

130 [26–192] normal 220 [140–200] 137 [140–200] 56 149 [1–190] 95 [1–190] 241 [1–190] 35 [1–150] normal

EMG mildly
neurogenic

myopathic myopathic myopathic not myopathic myopathic N/A N/A N/A myopathic

Muscle biopsied
(age)

vastus lateralis
(18 years)

quadriceps (5
years)

deltoid (26 years) deltoid (31 years) quadriceps (13
years)

biceps (43 years) N/A N/A vastus lateralis (5
years)

vastus lateralis (10
years)

(Continued on next page)
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Table 1. Continued

Individual P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Histologic
findings

moderate
variation in fiber
size with
rounded and
elongated
atrophic fibers
and numerous
internalized
nuclei; areas
devoid of
oxidative
staining,
suggestive of
cores; uniform
type 1 fiber
predominance

slight variation in
fiber size with
increased number
of internalized
nuclei; areas
devoid of
oxidative
staining,
consistent with
eccentric cores;
uniform type 1
fiber
predominance

large, irregular
areas of oxidative
defects and
myofibrillar
disorganization;
evidence of
fuschinophilic
inclusions on
trichrome stain;
type 1 fiber
predominance

large, irregular
areas of oxidative
defects and
myofibrillar
disorganization;
evidence of
fuschinophilic
inclusions on
trichrome stain;
type 1 fiber
predominance

severe fatty
replacement;
increased number
of internalized
nuclei in the
remaining muscle
fibers

moderate
variation in fiber
size with increased
number of
internalized
nuclei; evidence of
ring fibers, moth-
eaten and core-like
fibers on NADH
stain; ring- and
necklace-like
cytoplasmic
bodies and
rimmed vacuoles
on trichrome
stain; type 1 fiber
predominance

N/A N/A variation in fiber
size with increased
number of
internalized
nuclei; evidence of
fuschinophilic
inclusions on
trichrome stain;
large, irregular
areas of oxidative
defects and
myofibrillar
disorganization

type 1 fiber
predominance;
occasional
internalized
nuclei; occasional
fibers with areas
devoid of
oxidative staining

Ultrastructural
findings (on EM)

large areas of
disorganization
and some
diffusion of the
Z-line material

large areas of
disorganization
and some
diffusion of the Z-
line material

cytoplasmic
bodies and
granulo-
filamentous
aggregates

cytoplasmic
bodies and
granulo-
filamentous
aggregates

N/A non-diagnostic N/A N/A N/A N/A

FVC (%
predicted)

62% (18 years) 45% (19 years) 60% (26 years) 81% (31 years) 80% (19 years) N/A N/A N/A N/A 99% (13 years)

Cardiac
evaluations

echocardiogram,
normal; ECG,
normal (18
years)

aortic coarctation
and IVC s/p
surgery

echocardiogram,
normal; ECG,
normal (26 years)

echocardiogram,
normal; ECG,
tachycardia (31
years)

echocardiogram,
normal; ECG,
normal (15 years)

echocardiogram,
normal; ECG,
incomplete R
bundle branch
block (53 years)

ECG, left
ventricular
hypertrophy (55
years)

ECG, complete R
bundle branch
block,
tachycardia (50
years)

ECG, normal (5
years)

aortic coarctation
and VSD s/p
surgery

Other dysphagia,
fatigue

episode of
supraventricular
tachycardia,
primary
amenorrhea

dysphagia dysphagia fatigue – episode of
pneumonia with
respiratory
failure, difficulty
weaning of
ventilator;
nighttime BiPAP
(55 years)

– ankle contractures
and prominent
calcaneus

mild
ophthalmoplegia,
joint
hypermobility,
premature
adrenarche

Abbreviations are as follows: CK, creatine kinase; ECG, electrocardiogram; EM, electron microscopy; EMG, electromyography; F, female; FVC, forced vital capacity; IVC, inferior vena cava; m, maternal; M, male; N/A, not
available; NADH, nicotinamide adenine dinucleotide; p, paternal; R, right; s/p, status post; VSD, ventricular septal defect.
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Figure 2. MuscleMagnetic Resonance Im-
aging and Histological Findings in Individ-
uals with UNC45B-Related Myopathy
(A) Lower extremity muscle MR imaging
was available for five (P1–P5) individuals
and showed mild fat infiltration evident in
all lower extremity muscles, resulting in a
marbled-like appearance. In individuals P1,
P4, and P5, there is abnormal (increased)
T1 signal without an apparent pattern of
muscle involvement except for relative
sparing of the semimembranosus muscle
in individuals P1 and P5. P1 and P3 had ev-
idence of mild, generalized muscle atrophy,
whereas in P2, P4 and P5, muscle bulk ap-
peared normal.
(B–K) UNC45B-related myopathy manifests
histologically with unstructured cores. On
histological analyses there are findings of
the following: increased internalized nuclei
with numerous multinucleated fibers seen
on H&E staining (P1) (B); uneven deposits
of fuchsinophilic material is seen on GT
staining (P4) (C); core-like regions often
located along the periphery of fibers and
consistent with eccentric cores are seen on
SDH staining (P3) (D); areas of increased
staining along the periphery of fibers with
decreased staining centrally is seen on
NADH staining (P6) (E); and large irregular
areas of decreased staining seen on COX
staining (P4) (F); on EM, there are findings
of myofibrillar disarray (P3) (G); diffusion
of Z-line material (P4) (H); autophagy

lesions (P3) (I); wide bands of diffusion of the Z-line material that have spread in the disorganized areas (P3) (J); and a cytoplasmic
body (P4) (K); white scale bar represents 50 mm; orange scale bar represents 5 mm.
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muscle MR imaging revealed evidence of mild fat infiltra-

tion of most muscles, resulting in a marbled-like appear-

ance but without an emerging clear pattern of muscle

involvement (Figure 2A).

UNC45B-Related Myopathy Manifests Histologically

with Eccentric Cores

Histological analysis of the muscle biopsies was per-

formed in seven individuals (Figures 2B–2K). Hematoxy-

lin and eosin (H&E) stain showed variation in fiber size

with internalized nuclei, resulting in multinucleated fi-

bers in five individuals (Figure 2B). On Gömöri Tri-

chrome (GT) stain, a few fibers had evidence of uneven

aspects with deposit of fuchsinophilic material in three

biopsies (Figure 2C), and there was evidence of apparent

cytoplasmic bodies as well as rimmed vacuoles in one.

On oxidative staining with succinic dehydrogenase

(SDH), nicotinamide adenine dinucleotide (NADH), and

cytochrome oxidase (COX), large irregular areas of oxida-

tive defects were identified in numerous muscle fibers. In

particular, in five of the seven biopsies reviewed, SDH

staining and COX staining revealed more defined areas

of reduced oxidative activity with core-like regions often

located along the periphery of fibers, consistent with

eccentric cores (Figures 2D and 2F). In contrast, in two

biopsies, there were areas of reduced NADH staining

alternating with areas of increased staining along the pe-
8 The American Journal of Human Genetics 107, 1–18, December 3,
riphery of fibers. On ATPase stains, there was evidence of

type I fiber predominance and areas of absence/reduction

of ATPase activity, particularly in the periphery of fibers,

corresponding to the areas resembling eccentric cores on

the oxidative stains (Figure 2E). Electron microscopy

(EM) was performed in four individuals (Figures 2G–

2K). In longitudinal sections, there were large areas of

myofibrillar disorganization that extended the entire

width of the fiber that appeared devoid of mitochondria,

thus resembling unstructured cores. In transverse sec-

tions, well-demarcated unstructured cores were seen in

subsarcolemmal regions. In addition, wide dark bands

of diffused Z-line-derived material were observed and

are reminiscent of myofibrillar material. More rarely,

cytoplasmic bodies (Figure 2K) and rod-like inclusions

were seen, and autophagy material was observed in

some fibers.

Fiber Contractile Function Is Normal in P1 UNC-45B

Muscle

Muscle contraction is affected by the cyclic interaction

between the myosin cross-bridges and actin as an adeno-

sine triphosphate (ATP) hydrolysis-dependent process.26

The maximum force that a muscle fiber can generate is

dependent on the rate of myosin cross-bridge cycling ki-

netics. To evaluate whether force generation in UNC-45B

muscle was impaired in this assay, we compared the
2020



Figure 3. Mislocalized UNC-45B Protein
in Affected Individuals’ Muscle
(A) Longitudinal sections of muscle bi-
opsies of control and P1, P9, and
P10 stained for UNC-45B (red) and
M-line protein myomesin (green) (top
row). UNC-45B is reduced in the M-line
and mislocalized from the A-band, around
the M-line, to the Z-line in these three
individuals compared to control. Overlay
of intensity profile of UNC-45B and myo-
mesin (bottom row) from the cropped
area (middle row) shows mislocalization
of UNC-45B away from the A-band to
the Z-disk.
(B) Longitudinal sections of muscle bi-
opsies of control and P1 stained for
UNC-45B (red) and Z-disk protein a-acti-
nin (green), revealing colocalization of
UNC-45B at the Z-line. Overlay of inten-
sity profile of UNC-45B and a-actinin in
P1 from the cropped area (middle row)
shows loss of co-location of UNC-45B
with the M-line.

Please cite this article in press as: Donkervoort et al., Pathogenic Variants in the Myosin Chaperone UNC-45B Cause Progressive Myopathy
with Eccentric Cores, The American Journal of Human Genetics (2020), https://doi.org/10.1016/j.ajhg.2020.11.002
mechanics of permeabilized single muscle fibers from P1

(homozygous c.2261G>A) to controls. Rate of tension

redevelopment (Ktr) was used as a parameter reflecting

the rate of both cross-bridge attachment and reattach-

ment, while tension cost reflects the rate of myosin

cross-bridge detachment from actin determined by

measuring the ATP utilization during force generation.

P1 muscle expressed predominately myosin heavy chain

(MHC) type I fibers. Contractile properties depend on

MHC composition, and therefore, we compared contrac-

tile data to controls in whom MHC type I and type II fi-

bers were separated. Our data showed normal fiber con-

tractile performance with no difference in maximal

tension generated by UNC-45B fibers compared to con-

trols (Figure S1A). The calcium sensitivity of force, the

Ca2þ concentration needed for 50% of maximal force

generation, was also normal in P1 muscle compared to

control (Figure S1B). Overall, single fiber mechanics in

P1 muscle tissue showed normal cross-bridge cycling ki-

netics with expected tension costs compared to control

(Figures S1C and S1D).

UNC-45B Is Mislocalized in Affected Individuals’ Muscle

Immunofluorescence localization studies were performed

with myomesin, a major structural protein of the
The American Journal of Huma
M-line, and a-actinin, a Z-line pro-

tein, as markers.27 Whereas, in con-

trol muscle, UNC-45B localized to

the A-band around the M-line as

expected, in affected individuals,

there appears to be a loss of the resid-

ual UNC-45B at the M-line, sugges-

tive of mislocalization away from

the A-band to the Z-disk (Figures 3A

and 3B). The specificity of the UNC-
45B antibody was confirmed in control muscle

(Figure S2).

The Recurring UNC45B c.2261G>A Variant Acts as a

Complex Hypomorph Splice Variant

UNC45B appears to be intolerant to complete bi-allelic loss

of function, which is in accordance with the essential role

of UNC-45 in C. elegans.28–30 Therefore, we did not observe

individuals with bi-allelic null variants, and no homozy-

gous null variants are listed in gnomAD.31 Haploinsuffi-

ciency of UNC45B, however, does not appear to cause a se-

vere or early myopathy because individuals heterozygous

for a loss-of-function UNC45B variant are reported in gno-

mAD. The recurring c.2261G>A UNC45B variant affects

the last base pair (G) of exon 17 and is adjacent to the

splice donor site, thus potentially interfering with normal

splicing (Figure 4A).32,33 To investigate this possibility, we

analyzed muscle RNA sequencing, available for two indi-

viduals (P3 and P4, both homozygous for the c.2261G>A

UNC45B variant) (Figure S3A). This transcript analysis re-

vealed a five-fold reduction of UNC45B transcripts

compared to controls and furthermore indicated that two

detectable UNC45B splice products were generated from

the mutant allele (Figure S3B). The first detectable tran-

script encodes the full-length protein containing the
n Genetics 107, 1–18, December 3, 2020 9



Figure 4. UNC45B Variant c.2261G>A Creates a Complex Hypomorph Splice Variant
(A) The last base pair of exon 17 in UNC45B c.2261G (orange) is adjacent to the splice donor site of intron 17 (bold black). The
c.2261G>A transition, located in the exonic part of the 50 recognition sequence (G-G-U-G-A-G-U), leads to the activation of a nearby
cryptic splice donor site (bold black). The resulting spliced mRNA transcript is elongated by 9 additional bases including an in-frame
STOP codon (bold red).
(B) Schematics of (1) normal UNC45B exon 17–18 splicing and of the two splice products seen in UNC45B c.2261G>A muscle: (2) full
length product including the p.Arg754Gln substitution and (3) activation of the nearby cryptic splice donor site generating an elongated
splice product that includes an in-frame STOP codon.
(C) Immunoblot analysis of UNC-45B in muscle extracts from P1, P2, P9, and P10 compared to control. Quantification shows a signif-
icant reduction of UNC-45B in P1, P2, P9, while levels in P10 were slightly reduced. Mouse monoclonal anti-desmin was used as a
loading control.
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p.Arg754Gln missense variant. The second transcript re-

sults from altered splicing due to interruption of the

normal splice donor and subsequent activation of a nearby

intronic cryptic splice donor site, c.2261þ10 (Figure 4B).

The resulting splice product extends exon 17 into the

intron, causing the inclusion of an in-frame STOP codon.

This nonsense transcript is unstable and most likely sub-

ject to nonsense-mediated decay. A low level of the elon-

gated nonsense transcript escaped mRNA decay and was

therefore detectable on muscle RNA sequencing. From

this we conclude that the c.2261G>A UNC45B variant re-

sults in a hypomorphic splice variant. The effect is a situa-

tion in which the majority of transcripts are mis-spliced to

include a premature termination codon with predominant

degradation before translation occurs, while any residual
10 The American Journal of Human Genetics 107, 1–18, December 3
correctly spliced full-length transcript will result in a pro-

tein containing the p.Arg754Gln missense variant.

RNA sequencing and reverse transcription ofmRNAwith

subsequent cDNA sequencing in P2 muscle extracts re-

vealed allelic imbalance toward the p.Arg778Trp variant,

while the c.2261þ5G>C splice variant resulted in activa-

tion of the same nearby intronic cryptic donor site

as seen for the c.2261G>A variant and is thus expected

to lead to the same nonsense-mediated decay (Figures

S3C–S3H). In summary, the c.2261G>A and the

c.2261þ5G>C UNC45B variants both impact the proper

splicing of the mRNA and, thus, the stability of the

UNC45B mRNA.

To investigate the impact of the UNC45B variants on the

protein level, we performed immunoblot on muscle
, 2020
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Figure 5. UNC-45B Mutant Proteins Are Prone to Aggregation
(A) Structure of human UNC-45B based on the C. elegans UNC-45 3D structure (PDB: 4i2z)17 modelled with Swiss-Model,21 and corre-
sponding residues mutated in PyMOL to display the reported variants. The recurring p.Arg754Gln (dark blue) and the p.Arg778Trp (P2)
UNC45B variant (light blue) impact conserved arginine residues in the myosin-binding UCS domain (orange) and can be precisely map-
ped to helices 1 and 3, respectively, in the armadillo (ARM) repeat 14. ARM 14 is located in the hinge region, which connects the C-ter-
minal half of the UCS domain (ARM repeats 14–17) with the N-terminal half (ARM repeats 10–13) and forms part of the myosin-binding

(legend continued on next page)
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extracts from P1, P2, P9, and P10. All four individuals

showed a significant reduction of UNC-45B compared to

controls (Figure 4C).

Missense Variants Impact Conserved UNC-45B Domains

The UNC-45B amino acid sequence is highly conserved

down to invertebrates, which allowed us to explore the

structural impacts of variants on the basis of the recently

elucidated structure of C. elegans UNC-45.14,16,17 Both

arginine residues altered in our cohort (Arg754 and

Arg778) are part of helices 1 and 3, respectively, in the

armadillo (ARM) repeat 14 (Figure 5A). ARM 14 is located

in the hinge region, which connects the C-terminal half

of the UCS domain (ARM repeats 14–17) with the N-ter-

minal half (ARM repeats 10–13), forming part of the

myosin-binding canyon. Exchanging Arg754 for gluta-

mine does not seem to drastically interfere with the sur-

rounding structures, according to PyMOL calculations of

van der Waals overlaps. Conversely, exchanging the posi-

tively charged Arg778 for a bulky hydrophobic trypto-

phan would most probably sterically interfere with its

surroundings, up to the possible shifting of the overall

structure of the UCS domain. P9 was found to carry

the recurring p.Arg754Gln missense in compound het-

erozygosity with a p.Ser403Pro missense located in the

UNC-45 neck domain. Ser403 is conserved in zebrafish

UNC-45B, but position 403 appears to have a broader

tolerance for other amino acids, featuring a threonine

in Drosophila and isoleucine in C. elegans UNC-45. Its

functional importance, therefore, may be restricted to

vertebrates but needs to be investigated further.

Close cooperation of the chaperones Hsp90 and

Hsp70 with UNC-45 allows for the precise temporal

and spatial control of incorporating myosin into con-

tractile muscle thick filaments.1,17,34 P10 was found to

be homozygous for a p.Cys514Arg missense variant,

which impacts the neck domain, and is therefore the

only individual in this series without an UNC-45 UCS

domain allele. Given that the UNC-45 neck domain

confers flexibility and allows the exact positioning of

the UCS and the TPR domains to one another, structural
canyon. The p.Ser403Pro (pink, P9) and p.Cys514Arg (dark green, P1
laps of the newly incorporated amino acid residues with the unmod
(B) Purified UNC-45BWT, UNC-45Bp.Arg754Gln, UNC-45Bp.Arg778Trp, UN
subjected to partial proteolysis with trypsin at 37�C, and samples w
gels of one of two repetitions are shown.
(C) Quantification of full-length protein (�109 kDa) compared to tim
Table S4.
(D) Purified UNC-45BWT, UNC-45Bp.Arg754Gln, UNC-45Bp.Arg778Trp, UN
slowly heated from 10�C to 95�C in the presence of SYPRO Orange
combined melt curves of three experiments. Half maximal temperat
and SD can be found in Table S5.
(E) Slot blot of purified UNC-45BWT, UNC-45Bp.Arg754Gln, UNC-45Bp.

solutions incubated for 1 h at room temperature filtered through a 0.2
tein solution were blotted for comparison.
(F) Baseline-subtracted SYPRO fluorescence values at 22�C obtained i
significant differences between WT and mutant proteins were found
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interference in this region is likely to impact protein

function. The affected cysteine residue is buried in the

inner structure of ARM 9 in the neck domain of UNC-

45. Exchanging a cysteine for a positively charged argi-

nine would most probably lead to steric hindrance and

electrostatic interference within the protein structure

(Figure 5A).

Recombinant UNC-45B Variants Are Prone to

Aggregation

To further elucidate the structural impacts of the UNC45B

variants, we recombinantly expressed the UNC-45B

mutant proteins in E. coli and subjected them to time-

dependent partial trypsin proteolysis experiments at

room temperature (22�C). All mutant variants seemed

less susceptible to proteolysis than the WT; the p.Ser403-

Pro variant showed the most pronounced difference (Fig-

ures S4A and S4B). Repeating the partial trypsin proteol-

ysis assay at the physiological temperature 37�C
corroborated that trypsin proteolysis was delayed in the

mutant variants, and the p.Ser403Pro variant was signif-

icantly different in the non-parametric Friedman test

(Figures 5B and 5C, Table S4). In addition, we performed

thermal shift assays (TSAs) with the protein stain SYPRO

Orange to determine the melting temperatures of the re-

combinant proteins in solution. The stain intercalates

with gradually exposed hydrophobic residues on the pro-

tein’s surface, allowing for melting temperature estima-

tion based on the half-maximal SYPRO fluorescence in

a Boltzmann approximation. The assay revealed that all

variant proteins have a lower melting temperature

(p.Arg754Gln, 38.18 5 0.05145�C; p.Arg778Trp, 37.85

5 0.04907�C; p.Ser403Pro, 37.88 5 0.1241�C; and p.Cy-

s514Arg, 36.90 5 0.03901�C) compared to WT (43.16 5

0.04358�C) in the Tris-based buffer (Figure 5D, Tables S5

and S6). Exposed hydrophobic residues at a lower tem-

perature might suggest aggregation tendency. On these

grounds, we subjected the recombinant mutant variants

to a filter trap assay to search for aggregates after incuba-

tion at room temperature (22�C). A subsequent slot blot

confirmed the suspected higher aggregation of the
0) variants impact the UNC-45B neck domain. Van der Waals over-
ified protein structure are depicted as red disks.
C-45Bp.Ser403Pro, and UNC-45Bp.Cys514Arg buffered solutions were
ere loaded on SDS-PAGE gels for separation. Coomassie-stained

e point 0 at 37�C of two repetitions. Mean and SD can be found in

C-45Bp.Ser403Pro, and UNC-45B p.Cys514Arg buffered solutions were
protein stain. Boltzmann sigmoidal curves were fit to normalized
ures indicate melting temperatures in the Tris-based buffer. Mean

Arg778Trp, UNC-45Bp.Ser403Pro, and UNC-45Bp.Cys514Arg Tris-buffered
mm acetyl-cellulose membrane. Three decreasing amounts of pro-

n two experiments in (D) are plotted for each protein solution. No
in non-parametric Kruskal-Wallis test.
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mutant variants compared to the WT to a similar degree

as the absolute SYPRO fluorescence at 22�C indicated

(Figures 5E and 5F). Further increased aggregation pro-

pensity of the mutant variants around the melting tem-

perature of 37�C could also explain the observed delay

in in vitro proteolysis because a fraction of the substrate

was sequestered in trypsin-inaccessible aggregates.

Together, biochemical analyses of the recombinant

UNC-45B mutant variants suggest that amino acid substi-

tutions at the here-reported positions will most likely

lead to structural changes in UNC-45B.

Myopathy-Related UNC-45B Mutant Missense Proteins

Cannot Rescue a Conditional Loss-of-Function Allele

To test for the functional performance of the disease-asso-

ciated UNC-45B UCS variant proteins in myosin assembly,

we used an in vivo rescue approach in C. elegans described

previously.17 Temperature-sensitive (ts) unc-45(m94)

mutant worms exhibit a severe movement defect and

disarrangement of the otherwise highly conserved sarco-

mere organization when grown at the non-permissive tem-

perature of 25�C.34 By expressing the corresponding

C. elegans UNC-45 variants in conditional loss-of-function

worms, we analyzed to what degree muscle function of the

unc-45 ts mutant could be restored. When transferred to a

liquid medium, worms swim by thrashing their bodies

sideways. This agile movement is almost completely abol-

ished in the m94-allele-containing mutant worms grown

at 25�C. Integrated transgenes expressing the ortholog pro-

tein of the p.Arg778Trp variant, UNC-45(p.Arg792Trp); the

p.Ser403Pro variant, UNC-45 (p.Ile422Pro); and the p.Cy-

s514Arg variant, UNC-45(p.Cys532Arg), were unable to

rescue the movement phenotype of the unc-45(m94)

strain. Body bend/thrashing counts of young adult worms

in liquid medium were only slightly improved compared

to WT levels for the UNC-45 (p.Arg792Trp) and UNC-45

(p.Ile422Pro) transgenes. In contrast, worms expressing

the UNC-45 (p.Cys532Arg) transgene were as impaired as

unc-45(m94)without transgenic expression (Figure 6A). As-

sessing population motility of 60 worms via an ARENA

WMicrotracker (NemaMetrix) reproduced the motility

defect on a solid agar surface (Figure 6C). These data sug-

gest that the c.2332C>T (p.Arg778Trp), the c.1207T>C

(p.Ser403Pro), and the c.1540T>C (p.Cys514Arg) variants

very likely affect UNC-45B protein function. In contrast,

expression of the ortholog protein of the p.Arg754Gln

variant, UNC-45 (p.Arg767Gln), in the unc-45(m94) back-

ground was able to rescue the defect in movement (Figures

6A and 6C). Although not possessing polynuclear myofib-

ers, sarcomere organization and components in C. elegans

body wall muscle cells are highly conserved: thick fila-

ments are formed by myosin heavy chains A and B and

actin fibers from thin filaments, and Z-disk-equivalent

dense bodies are formed by a-actinin and integrins.35

Sarcomere numbers in body wall muscle cells can be as-

sessed by established staining methods, which allow

counting periodically organized sarcomeric components.
The Ame
In accordance with motility assays and contrary to the

UNC-45 (p.Arg767Gln) transgenic rescue, the UNC-45

(p.Arg792Trp), the UNC-45 (p.Ile422Pro), and the UNC-

45 (p.Cys532Arg) transgenic rescues showed no improve-

ment of the sarcomeres of the m94 ts allele in phalloidin-

staining of filamentous F-actin-containing I-bands (Figures

6D and 6E).

On the basis of the known mechanistic role of the UCS

domain,16,17,34 the corresponding arginine residues in

C. elegans can be precisely linked to myosin binding.

Whereas FLAG-tagged UNC-45(p.Arg767Gln) was able to

bind to the substrate myosin heavy chain B (MHC B/

UNC-54) in co-immunoprecipitation experiments

(Figure 6F), UNC-45 (p.Arg792Trp) was not able to pull

down MHC B from worm lysates, suggesting conforma-

tional changes of the myosin-binding canyon in the UCS

domain for the variant protein. Conceivably, binding to

C. elegans Hsp90 ortholog DAF-21 via the TPR domain

was not impaired in both variant proteins.

However, it is noteworthy that in these transgenic rescue

experiments we cannot control for the additional hypo-

morphic deficiency situation of the p.Arg754Gln/

p.Arg767Gln variant. Although the p.Arg767Gln-encod-

ing transgene is expressed at a slightly lower level than

the WT transgene in these experiments (Figure 6B), it is

still able to rescue the muscle phenotype and bind to

MHC B. Reduced levels of UNC-45 are detrimental for mus-

cle development.29,36 Our results therefore suggest, that

the UNC45B p.Arg754Gln missense is not the primary

cause of pathogenicity in those individuals, and the dis-

ease is most likely driven by the reduction in total UNC-

45B due to degradation of the majority of mis-spliced

transcripts.
Discussion

We report ten individuals from eight independent families

with a largely consistent clinical phenotype of early-onset,

slowly progressive muscle weakness manifesting with axial

and proximal weakness and respiratory involvement with

muscle histotype findings including eccentric and unstruc-

tured cores as well as ultrastructural findings suggestive of

an accumulation of myofibrillar material. All individuals

were found to have bi-allelic variants in UNC45B, which

encodes a highly conserved myosin-specific chaperone

involved in assembly, function, and maintenance of type

II myosin, facilitating assembly and function of striated

muscle contraction. UNC-45, together with the general

chaperones Hsp70 and Hsp90, forms a transient anchoring

chain that organizes a properly spaced assembly line, lock-

ing the myosin head into actin-bound confirmation by

facilitating hydrolysis.17 This repeating unit stabilizes the

thick filament and inhibits the myosin power stroke.37 A

single individual with myopathy who was homozygous

for the c.2261G>A variant was previously reported, sug-

gesting a tentative disease association; however, the precise
rican Journal of Human Genetics 107, 1–18, December 3, 2020 13
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Figure 6. Various Missense UNC-45 Mutant Proteins Cannot Rescue a Conditional Loss-of-Function Allele
Transgenic UNC-45p.Arg792Trp, UNC-45p.Ser422Pro, and UNC-45p.Cys532Arg mutant proteins are unable to rescue the motility defect of unc-
45(m94) worms grown at the restrictive temperature of 25�C, whereas UNC-45p.Arg767Gln rescues the m94 motility defect.
(A) Body bends of 30 young adult unc-45(m94) worms expressing the indicated UNC-45 variants were counted in at least three different
experiments. Values are mean 5 SEM; *p < 0.0001 compared to control in non-parametric Kruskal-Wallis test.
(B) Expression of UNC-45-FLAG transgenes in young adult unc-45(m94) worms.

(legend continued on next page)
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interaction of UNC-45B with myosin in muscle function

and disease remained poorly understood.38

Early-onset myopathies are a clinical and genetic hetero-

geneous group of disorders of variable severity in which

approximately half of the individuals do not have a

confirmed genetic etiology.39,40 Significant extraocular

and facial weakness was notably absent in the UNC45B-

affected individuals reported here, which is in contrast to

the core myopathies due to pathogenic variants in RYR1

(MIM: 180901), CACNA1S (MIM: 114208), or SPEG

(MIM: 615950) in which involvement of the extraocular

and facial muscles is typically seen.41–43 Of the ten individ-

uals reported here, tachycardia was noted in two, while

two individuals presented with structural cardiac changes

(VSD and aortic coarctation). UNC-45B is highly expressed

in human cardiac tissue and has an important evolu-

tionary role in cardiac contractility.28,44,45 Thus, the lack

of more significant functional cardiac involvement in our

cohort is noteworthy; however, it remains unclear whether

a more severe cardiac phenotype might evolve.

Pathogenic variants in various myosin chains, including

MYH2 (MIM: 160740) and MYH7 (MIM: 160760), are a

known cause of myopathies of variable severities, and

they have clinical and histological findings similar to our

UNC45B-affected individuals.46,47 Various genetically

defined core myopathies with clinical overlap, including

RYR1- and MYH7-related myopathies, can present with a

characteristic and recognizable pattern of muscle involve-

ment and sparing when assessed by muscle imaging.48–50

However, a selective and potentially diagnostic pattern of

muscle involvement was thus far not evident onmuscle im-

aging in our UNC45B cohort. Instead, imaging revealed a

fairly uniform involvement of all muscles and a possible

hint of relative sparing of the semimembranosus muscle

of the hamstring group. In contrast to a dystrophic process,

which is characterized by uniform fatty infiltration, or to a

neurogenic process in which we typically see a coarse

‘‘moth-eaten’’ appearance on MR imaging, the muscle of

UNC45B-affected individuals had a characteristic

‘‘marbled-like’’ appearance on fat-sensitive T1 MR imaging

sequences, which could potentially be a characteristic and

thus diagnostically helpful finding.49 Given the potential

developmental role of UNC-45B,14,15 it is of note that the

myofibrillar apparatus in the individuals reported here ap-

pears to be normal at baseline with normal in vitro contrac-

tile performance and myosin cross-bridge cycling. There-

fore, we hypothesize that with ongoing use and stress on

the muscle fibers over time, the sarcomere is inadequately

maintained because of reduction in myosin chaperone
(C) Population motility of 60 young adult unc-45(m94) worms expre
NGM and seeded with OP50 was measured with the ARENAWMicro
hood. Motility data was binned in 15 min time buckets before plott
(D) Phalloidin-staining of F-actin-containing I-bands in unc-45(m94)
(E) The number of I-bands is given per body wall muscle cell (indicate
the same area between pharynx and vulva. *p < 0.005 compared to
(F) Co-immunoprecipitation of myosin heavy chain B (MHC B) and H
pressing the indicated FLAG-tagged UNC-45 variants grown at 25�C
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availability and/or functioning. Repair capacity may be

overloaded, and sarcomeres start disintegrating, thereby giv-

ing rise to the unstructured cores and the accumulation of

Z-line/myofibrillar material consistently seen in the UNC-

45B muscle biopsies.

Consistent with an abnormal function of UNC-45B in

relation to the sarcomere, muscle immunofluorescence

findings in three biopsies reveal abnormal localization of

the residual UNC-45B away from the M-line-centered A-

band where the myosin heads are located in need of main-

tenance and repair, instead accumulating in the Z-line re-

gion (Figures 3A and 3B). In zebrafish, it has been shown

that the Z-line holds a ‘‘reservoir’’ of UNC-45B, which shut-

tles to the myosin-containing A-band of the muscle sarco-

mere in response to eccentric exercise or induced damage

to the myofiber.51,52 This abnormal localization was

observed in all three analyzed samples and, thus, seems in-

dependent of the underlying variant and UNC-45B

domain impacted. Even though a biopsy provides only a

static image, the abnormal localization is consistent with

the assumption that the dynamic shuttling process might

be impaired as well. Lack of proper UNC-45B localization

and function under conditions of continued sarcomere

use and stress could conceivably lead to the multifocal

disruption and ultimate disarray of the myofibrillar appa-

ratus, corresponding to the histologic and ultrastructural

findings of eccentric and unstructured cores seen in our

affected individuals. This might also help explain why

the myopathic phenotype seen in UNC45B-related disease

shows a progressive course distinct from the typical more

static clinical course of congenital myopathies. Further

in vitro testing will be required to determine whether the

mislocalized UNC-45B observed in the affected individ-

ual’s muscle impairs the recurring myosin cross-bridge

cycling needed for repeated contraction.

Previous work on the highly conserved UNC-45 in

various models including C. elegans, zebrafish, and

mice, has shown that loss of UNC-45 is embryonically le-

thal.29,30,53 In this context, it is notable that we have not

observed individuals with bi-allelic null variants, and noho-

mozygous null variants are listed in gnomAD, suggesting

that this situation in the human may also be either not

tolerated or be associated with a considerably more severe

phenotype. We have shown that the recurring c.2261G>A

variant is a complex splice allele that creates a hypomorph

scenario, with the residual protein containing the

p.Arg754Gln variant. This conclusion is supported by anal-

ysis of available UNC-45B muscle biopsies because all

analyzed samples had a reduction in UNC-45B by
ssing the indicated UNC-45 variants on a 24-well plate filled with
tracker system (NemaMetrix) at 25�C for 24 h after reaching adult-
ing for easier interpretability.
mutant worms expressing the indicated UNC-45 variants.
d by dashed white line in [D]), with all 12 analyzed cells located in
control in non-parametric Kruskal-Wallis test.
sp90 (DAF-21) from cell lysates of unc-45(m94)mutant worms ex-
. Representative result of one of three experiments is shown.
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immunoblot, which was most significant in the homozy-

gous c.2261G>A biopsy (Figure 4C). Thus, we suspect that

the disease mechanisms for this variant are largely driven

by the protein deficiency, with additional contribution

from a functionally impaired residual protein. Recombinant

UNC-45B (p.Arg754Gln) variant protein indeed exhibited a

lower melting temperature in thermal shift assays and ag-

gregation tendency (Figures 5D and 5E). On the other

hand, the ability of the corresponding C. elegans variant

UNC-45 (p.Arg767Gln) to rescue a temperature-sensitive

mutant allele in transgenic rescue assays corroborates the

notion that the reduction in overall protein amount is the

cause for the disease phenotype rather than the missense

and possibly impaired residual protein itself (Figure 6).

In supplemental C. elegans biochemical assays, no

changes in UNC-45 ubiquitylation were detected

(Figure S4C), although bothUCS domainmissense variants

were slightly more susceptible to trypsin proteolysis (Fig-

ures S4D and S4E). The UNC-45 transgenes of p.Arg778Trp

(C. elegans p.Arg792Trp), of p.Ser403Pro (C. elegans

p.Ile422Pro), and of p.Cys514Arg (C. elegans p.Cys532Arg)

were found to have a more detrimental effect on function,

with an inadequate rescue of the paralyzed phenotype

and impaired binding to myosin for p.Arg778Trp. These

more severe and obvious functional consequences in the

C. elegans rescue assay are consistent with the fact that the

variants cause disease in the human situation. Therefore,

we propose that UNC45B variants impact UNC-45B

chaperone activity through a reduction in overall protein

levels (c.2261G>A), impaired normal myosin-binding

(c.2332C>T [p.Arg778Trp]), or a combination of both.

UNC45B-related disease can be classified as both a chap-

eronopathy resulting in a secondary myosinopathy as well

as a myofibrillar dystrophy, given the progressive disinte-

gration of the myofibrillar apparatus. The continued disso-

lution of the myofibrillar structure, which clinically mani-

fests as progressivemuscle weakness, is characteristic of the

chaperone dysfunction in forms of childhood-onset dys-

trophy.8 Pathologically, this disorder could be considered

a myofibrillar dystrophy because the excessive nuclear

centralization seen on histology is a marker of an activated

regenerative process. This is in contrast to a sarcolemmal

dystrophic process, which typically leads to a more inflam-

matory and fibrotic picture, leading to an excessive matrix

and fat proliferation. In UNC45B-related disease, we sus-

pect a ‘‘dystrophic process internal to the myofiber,’’

causing fibers to disappear focally with less of matrix reac-

tion, hence the marbled appearance on muscle MR imag-

ing. Bi-allelic variants in UNC45B should therefore be

considered in individuals presenting with a myopathy

specifically in the presence of core histology and ultra-

structural findings including cytoplasmic bodies, rods,

and autophagic lesions. Additional research is needed to

elucidate the exact pathogenic UNC45B-related disease

mechanism further and to find therapeutic strategies to

restore sarcomeric homeostasis through modulating chap-

erone activity. This has shown great promise for neurode-
16 The American Journal of Human Genetics 107, 1–18, December 3
generative disorders, with a specific interest in the finding

that overexpression of UNC-45 in a Drosophila model of

Huntington-induced cardiac amyloidosis resulted in

reduced poly-glutamine aggregation and myofibrillar

disorganization.54 Taken together, our data solidify the

role of UNC-45B as a key regulator of myofibril mainte-

nance and function, a tightly regulated pathway that is

conserved from human to yeast, impaired UNC-45B func-

tion results in recognizable muscle pathology clinically

manifesting with myopathy.
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(2012). Congenital myopathies: an update. Curr. Neurol. Neu-

rosci. Rep. 12, 165–174.

41. Schartner, V., Romero,N.B.,Donkervoort, S., Treves, S.,Munot,

P., Pierson, T.M., Dabaj, I., Malfatti, E., Zaharieva, I.T., Zorzato,

F., et al. (2017). Dihydropyridine receptor (DHPR, CACNA1S)

congenital myopathy. Acta Neuropathol. 133, 517–533.

42. Jungbluth, H., Müller, C.R., Halliger-Keller, B., Brockington,

M., Brown, S.C., Feng, L., Chattopadhyay, A., Mercuri, E.,

Manzur, A.Y., Ferreiro, A., et al. (2002). Autosomal recessive in-

heritance of RYR1 mutations in a congenital myopathy with

cores. Neurology 59, 284–287.

43. Agrawal, P.B., Pierson, C.R., Joshi, M., Liu, X., Ravenscroft,

G., Moghadaszadeh, B., Talabere, T., Viola, M., Swanson,

L.C., Halilo�glu, G., et al. (2014). SPEG interacts with myo-
18 The American Journal of Human Genetics 107, 1–18, December 3
tubularin, and its deficiency causes centronuclear myopathy

with dilated cardiomyopathy. Am. J. Hum. Genet. 95, 218–

226.

44. Geach, T.J., and Zimmerman, L.B. (2010). Paralysis and de-

layed Z-disc formation in the Xenopus tropicalis unc45b

mutant dicky ticker. BMC Dev. Biol. 10, 75.

45. Melkani, G.C., Bodmer, R., Ocorr, K., and Bernstein, S.I.

(2011). The UNC-45 chaperone is critical for establishing

myosin-based myofibrillar organization and cardiac contrac-

tility in the Drosophila heart model. PLoS ONE 6, e22579.

46. Lossos, A., Oldfors, A., Fellig, Y., Meiner, V., Argov, Z., and Taj-

sharghi, H. (2013). MYH2 mutation in recessive myopathy

with external ophthalmoplegia linked to chromosome

17p13.1-p12. Brain 136, e238.

47. Tajsharghi, H., Oldfors, A., Macleod, D.P., and Swash, M.

(2007). Homozygous mutation in MYH7 in myosin storage

myopathy and cardiomyopathy. Neurology 68, 962.

48. Saade, D.N., Neuhaus, S.B., Foley, A.R., and Bönnemann, C.G.
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Supplemental Figure Legends 

 

Figure S1. Normal fiber contractile performance in P1 UNC-45B muscle. Muscle fiber 

contractile property from P1 (homozygous c.2261G>A UNC45B) was compared to 

controls. (A) Maximal tension generated by P1 fibers was similar to controls. (B) The 

calcium sensitivity of force was normal in P1 muscle compared to control. (C) Actin-myosin 

cross bridge attachment rates (Ktr) were normal in P1 muscle compared to type I control 

fibers, (D) with normal tension costs. Each data point in control bars represents the 

average of 8–15 muscle fibers from one control subject; each data point in P1 bar is one 

muscle fiber.  

 

Figure S2. UNC-45B antibody is specific for the UNC-45B protein. (A) Longitudinal 

sections of control muscle biopsy incubated with either no UNC-45B immunizing peptide 

(top) or 10x excess of UNC-45B immunizing peptide (bottom), and stained for UNC-45B 

(red) and Z-disk protein α-actinin (green) confirmed the specificity of the UNC-45B 

antibody for the UNC-45B protein. Scale bar corresponds to 10 µm. 

 

Figure S3. UNC45B pathogenic variants identified by exome sequencing. (A) 

Pedigree of P3. (B) BAM files visualized in Integrative Genomics Viewer (IGV) showing 

aligned P3 muscle RNA sequence reads from the homozygous c.2261G>A; 

p.(Arg754Gln) UNC45B variant. (C) Pedigree of P2. (D) Sanger Sequencing on P2 

genomic DNA showing the c.2332C>T; p.(Arg778Trp) UNC45B variant (top) and BAM 

files visualized in Integrative Genomics Viewer (IGV) showing aligned sequence reads 

(bottom). (E) Sanger Sequencing on P2 genomic DNA showing the c.2261+5G>C 



UNC45B variant (top) and BAM files visualized in IGV showing aligned sequence reads 

(bottom). (F) BAM files visualized in IGV showing aligned P2 muscle RNA sequence reads 

at the c.2332C>T; p.(Arg778Trp) UNC45B variant and revealing allelic imbalance in favor 

of the p.(Arg778Trp) variant. (G) BAM files visualized in IGV showing aligned P2 muscle 

RNA sequence reads of the c.2261+5G>C UNC45B variant and revealing the activation 

of a nearby intronic cryptic donor site which elongates the splice product to include an in-

frame STOP codon. (H) Sequencing of reverse transcribed mRNA showing allelic 

imbalance towards the p.(Arg778Trp) variant. 

 

Figure S4. In vitro analysis of human UNC-45B mutant proteins and C. elegans UNC-

45 orthologue proteins. (A) Purified UNC-45BWT, UNC-45BArg754Gln, UNC-45BArg778Trp, 

UNC-45BSer403Pro, and UNC-45BCys514Arg buffered solutions were subjected to partial 

proteolysis with trypsin at room temperature (22°C) and samples were loaded on SDS-

PAGE gels for separation. Coomassie-stained gels are shown. (B) Quantification of full-

length protein (FL, ~109 kDa) compared to time point 0 at 22°C. Results of three 

experiments. (C) In vitro ubiquitylation of purified UNC-45 wild-type and mutant proteins 

with the combination of enzymes indicated. The reaction was terminated by addition of 

SDS-PAGE sample buffer and analyzed by western blotting against UNC-45, UFD-2 and 

VSV-tagged CHN-1. (D) Purified C. elegans UNC-45WT, UNC-45Arg767Gln, and UNC-

45Arg792Trp solutions were subjected to partial proteolysis with trypsin at room temperature 

and samples were loaded on SDS-PAGE gels for separation. Coomassie stained gels are 

shown. (E) Quantification of full-length protein (FL, 109 kDa) compared to time point 0. 

Results of three independent experiments. 

  



Supplemental Tables 

Table S1. UNC45B variants identified.  

DNA variant RNA variant Protein variant 
C. elegans 
orthologous 
proteins 

c.1207T>C na p.(Ser403Pro) p.(Ile422Pro) 

c.1540T>C na p.(Cys514Arg) p.(Cys532Arg) 

c.2261G>A  r.[2261g>a,2261_2262ins2261+1_2261+9] 
p.(Arg754Gln), 

p.(Arg754GlnfsTer2) 

p.(Arg767Gln) 

c.2261+5G>C r.2261_2262ins2261+1_2261+9 p.(Arg754GlnfsTer2) p.(Arg767Gln) 

c.2332C>T r.2232c>u p.(Arg778Trp) p.(Arg792Trp) 

 

Table S2. Oligonucleotides used in this study. 

Name  5‘-3‘ sequence Source 

UNC-45B cDNA into 
pET21a FOR 

gaagatctgATGGCAGAGGTGGAAGCG This study 

UNC-45B cDNA into 
pET21a REV 

tggtggtgAGACACTGGTTTAATGAAACCATAATCCAT This study 

UNC-45B cDNA into 
pET21a vector FOR 

CAGTGTCTcaccaccaccaccaccacta This study 

UNC-45B cDNA into 
pET21a vector REV 

CTCTGCCATcagatcttcttcagaaataagtttttgttcc This study 

UNC-45B Arg754Gln 
mutagenesis FOR 

GACAAACTCCaGCAGAAGATCTTTAAGGAG This study 

UNC-45B Arg754Gln 
mutagenesis REV 

ACTCCGCCCAGACAGGTT This study 

UNC-45B Arg778Trp 
mutagenesis FOR 

TGATCAGCTGtGGCAGGCGGC This study 

UNC-45B Arg778Trp 
mutagenesis REV 

TGATTCTCAAACATGTAGTTCTCGATGTCTGG This study 

UNC-45B Ser403Pro 
mutagenesis FOR 

CCAGACAGTGcCAGGGATCCT This study 

UNC-45B Ser403Pro 
mutagenesis REV 

ATGGCATTCAAGTTCTTGTC This study 

UNC-45B Cys514Arg 
mutagenesis FOR 

GGCCAAACAGcGTCGCAAGTG This study 



Name  5‘-3‘ sequence Source 

UNC-45B Cys514Arg 
mutagenesis REV 

AGTTTTTCTGTCGACCCTTC This study 

UNC-45 Arg767Gln 
mutagenesis FOR 

GATTCGATTCagGGACGAATTTTGAAAGAGAAG This study 

UNC-45 Arg767Gln 
mutagenesis REV 

ACTGACGCTTGCCAAGTT This study 

UNC-45 Arg792Trp 
mutagenesis FOR 

CGAGCATTTGtggGCCGCCGCCG  This study 

UNC-45 Arg792Trp 
mutagenesis REV 

TGATCCGTCATAAACCAGAATTCCTCAATCTTTG This study 

UNC-45 Ile422Pro 
mutagenesis FOR 

ATGCTTCTTGccTACAATGCTTCAAG This study 

UNC-45 Ile422Pro 
mutagenesis REV 

GATAGTTTGATACGGTATTTG This study 

UNC-45 Cys532Arg 
mutagenesis FOR 

GGCGAAGACTcGCAAGAAATTC This study 

UNC-45 Cys532Arg 
mutagenesis REV 

AAACTGATCACTGCTTCTTC This study 

unc-45 genotyping FOR AGATCAAGGCGGGACATGC This study 

unc-45(m94) genotyping 
REV in combination with 
EcoRI digestion 

TCCACTCGATACTTGTTCGCTTTCT This study 

FLAG-tag genotyping 
REV in combination with 
BsmFI digestion for 
R767Q substitution or in 
combination with 
Sau96I digestion for 
R792W substitution 

GTCATCGTCATCCTTGTAATC This study 

  



Table S3. C. elegans strains used in this study. 

Strain name Origin Resource 

C. elegans: Bristol (N2) strain as wild type 
(WT) CGC 

Wormbase ID: 
N2 

unc-119(ed4)III Baumeister Lab BR854 

unc-45(m94)III CGC 
Wormbase ID: 
DR94 

unc-45(m94)III; hhIs84[unc-119(+); unc-
54::unc-45FLAG]  Hoppe Lab 

Gazda et al., 
2013 

unc-45(m94)III; hhIs238[unc-119(+); unc-
54::unc-45R767QFLAG] this study N/A 

unc-45(m94)III; hhIs243[unc-119(+); unc-
54::unc-45R792WFLAG] this study N/A 

unc-45(m94)III; hhIs254[unc-119(+); 
Punc-54::unc-45I422PFLAG] this study N/A 

unc-45(m94)III; hhIs253[unc-119(+); 
Punc-54::unc-45C532RFLAG] this study N/A 

 

  



Table S4. Relative fluorescence signal in partial trypsin proteolysis of recombinant 

UNC-45B mutant proteins at 37°C. 

Time 
(min) UNC-45B(WT)  

 1 2 MEAN SD     

0 1.00 1.00 1.00 0.00     

1   0.88 0.88       

2 0.65 0.68 0.66 0.02     

5 0.22 0.29 0.25 0.05     

10 0.05 0.08 0.06 0.02     

20 0.01 0.03 0.02 0.01     

40 0.01 0.01 0.01 0.00     

60 0.01 0.01 0.01 0.00     

         

Time 
(min) UNC-45B(Arg754Gln) UNC-45B(Arg778Trp) 

 1 2 MEAN SD 1 2 MEAN SD 

0 1.00 1.00 1.00 0.00 1.00 1.00 1.00 0.00 

1   0.90 0.90     0.83 0.83   

2 0.68 0.74 0.71 0.04 0.62 0.70 0.66 0.06 

5 0.32 0.48 0.40 0.11 0.32 0.40 0.36 0.05 

10 0.20 0.34 0.27 0.09 0.20 0.31 0.26 0.08 

20 0.19 0.28 0.24 0.07 0.13 0.24 0.19 0.08 

40 0.15 0.25 0.20 0.07 0.15 0.13 0.14 0.02 

60 0.12 0.10 0.11 0.01 0.08 0.25 0.17 0.12 

         

Time 
(min) UNC-45B(Ser403Pro) UNC-45B(Cys514Arg) 

 1 2 MEAN SD 1 2 MEAN SD 

0 1.00 1.00 1.00 0.00 1.00 1.00 1.00 0.00 

1   0.98 0.98     0.93 0.93   

2 0.95 0.88 0.91 0.05 0.66 0.82 0.74 0.11 

5 0.60 0.60 0.60 0.00 0.33 0.60 0.47 0.19 

10 0.43 0.54 0.48 0.08 0.18 0.37 0.28 0.13 

20 0.45 0.35 0.40 0.07 0.13 0.30 0.22 0.12 

40 0.09 0.34 0.21 0.17 0.11 0.23 0.17 0.08 

60 0.08 0.31 0.20 0.16 0.11 0.15 0.13 0.03 

 
  



Table S5. Parameters of Boltzmann sigmoidal curve fit to normalized SYPRO 

fluorescence signals in thermal shift assay of recombinant UNC-45B mutant 

proteins. 

  UNC45BWT UNC45BR754Q UNC45BR778W UNC45BS403P UNC45BC514R 

Boltzmann sigmoidal           

Best-fit values           

Bottom = 0 = 0 = 0 = 0 = 0 

Top = 1 = 1 = 1 = 1 = 1 

V50 43.16 38.18 37.85 37.88 36.9 

Slope 1.58 1.324 1.464 1.274 1.742 

Std. Error           

V50 0.04358 0.05145 0.04907 0.1241 0.03901 

Slope 0.03976 0.04617 0.04361 0.1148 0.03492 

95% CI (profile 
likelihood)           

V50 
43.07 to 
43.25 

38.08 to 
38.28 

37.75 to 
37.94 

37.63 to 
38.13 

36.83 to 
36.98 

Slope 1.502 to 1.66 
1.235 to 
1.417 1.38 to 1.552 

1.061 to 
1.518 1.675 to 1.81 

Goodness of Fit           

Degrees of Freedom 86 60 76 48 81 

R square 0.9903 0.9852 0.9887 0.9061 0.9936 

Absolute Sum of 
Squares 0.1025 0.1196 0.1248 0.5738 0.07059 

Sy.x 0.03452 0.04465 0.04053 0.1093 0.02952 

Constraints           

Bottom Bottom = 0 Bottom = 0 Bottom = 0 Bottom = 0 Bottom = 0 

Top Top = 1 Top = 1 Top = 1 Top = 1 Top = 1 

            

Number of points           

# of X values 123 123 123 114 123 

# Y values analyzed 88 62 78 50 83 

 
 



Table S6. Single normalized fluorescence values of thermal shift assays of recombinant

UNC-45B mutant proteins.

Temperature (°C)

Replicate: 1 2 3 MEAN SD 1 2 3 MEAN SD 1 2 3 MEAN SD

30.0

30.5

31.0 0.000000 0.032292 0.000000 0.010764 0.018644

31.5 0.000000 0.000000 0.000829 0.048511 0.000513 0.016618 0.027621

32.0 0.000104 0.000104 0.004261 0.065842 0.002395 0.024166 0.036105

32.5 0.000449 0.000449 0.010298 0.084136 0.005713 0.033382 0.044013

33.0 0.001122 0.001122 0.019768 0.103466 0.010571 0.044602 0.051185

33.5 0 0.002279 0.001140 0.001612 0.000000 0.084682 0.000000 0.028227 0.048891 0.034209 0.123759 0.017618 0.058529 0.057097

34.0 0.000896 0.004006 0.002451 0.002199 0.006790 0.105336 0.003368 0.038498 0.057909 0.055990 0.145756 0.028188 0.076645 0.061445

34.5 0.002740 0.006475 0.004608 0.002641 0.023173 0.128830 0.012009 0.054671 0.064466 0.086056 0.170197 0.044267 0.100173 0.064141

35.0 0.006060 0.000000 0.009842 0.005301 0.004965 0.052546 0.156110 0.028937 0.079198 0.067646 0.126776 0.198341 0.068555 0.131224 0.065007

35.5 0.011118 0.001725 0.014332 0.009058 0.006551 0.096974 0.189415 0.057609 0.114666 0.067661 0.179096 0.232780 0.103790 0.171889 0.064796

36.0 0.018021 0.005174 0.020065 0.014420 0.008072 0.157491 0.230120 0.100727 0.162779 0.064859 0.243016 0.274922 0.152094 0.223344 0.063734

36.5 0.026979 0.010693 0.027265 0.021646 0.009486 0.233210 0.279690 0.159532 0.224144 0.060590 0.316170 0.326915 0.213875 0.285653 0.062393

37.0 0.038360 0.018455 0.036089 0.030968 0.010896 0.322066 0.338296 0.233138 0.297834 0.056612 0.397254 0.387794 0.287630 0.357559 0.060745

37.5 0.052482 0.029148 0.046829 0.042820 0.012173 0.419336 0.404647 0.318488 0.380824 0.054482 0.482244 0.457117 0.370177 0.436513 0.058807

38.0 0.069396 0.042946 0.059641 0.057328 0.013376 0.519705 0.477022 0.410529 0.469085 0.055019 0.567708 0.531847 0.456794 0.518783 0.056599

38.5 0.089525 0.060021 0.074923 0.074823 0.014752 0.617565 0.551549 0.504387 0.557834 0.056850 0.650095 0.607984 0.543069 0.600383 0.053916

39.0 0.113394 0.080890 0.093053 0.095779 0.016423 0.708635 0.625301 0.595409 0.643115 0.058677 0.725852 0.682566 0.625103 0.677840 0.050541

39.5 0.141216 0.105381 0.114465 0.120354 0.018629 0.789225 0.695009 0.679695 0.721310 0.059313 0.793561 0.751666 0.700021 0.748416 0.046855

40.0 0.173464 0.134357 0.139761 0.149194 0.021191 0.857122 0.758348 0.754719 0.790063 0.058103 0.851089 0.813509 0.766112 0.810237 0.042583

40.5 0.210349 0.167989 0.169444 0.182594 0.024047 0.910849 0.814114 0.819729 0.848230 0.054302 0.897846 0.866390 0.823105 0.862447 0.037526

41.0 0.252556 0.206968 0.204289 0.221271 0.027126 0.951144 0.861618 0.873837 0.895533 0.048547 0.934422 0.909717 0.870895 0.905011 0.032024

41.5 0.300295 0.252328 0.244919 0.265848 0.030062 0.978745 0.901377 0.917531 0.932551 0.040813 0.962003 0.944156 0.909996 0.938718 0.026426

42.0 0.354042 0.305105 0.292197 0.317115 0.032624 0.994539 0.933735 0.951520 0.959931 0.031262 0.981297 0.970004 0.941502 0.964268 0.020508

42.5 0.414006 0.366161 0.346623 0.375597 0.034668 1.000000 0.959639 0.976336 0.978658 0.020281 0.993726 0.987409 0.966030 0.982389 0.014515

43.0 0.480135 0.436357 0.408717 0.441736 0.036012 0.979518 0.992378 0.985948 0.009093 1.000000 0.997408 0.983990 0.993799 0.008593

43.5 0.551691 0.514660 0.478200 0.514851 0.036746 0.993115 1.000000 0.996558 0.004868 1.000000 0.995519 0.997759 0.003169

44.0 0.627305 0.600207 0.553848 0.593787 0.037147 1.000000 1.000000 1.000000 1.000000

44.5 0.704447 0.690238 0.633329 0.676005 0.037635

45.0 0.779640 0.779062 0.713639 0.757447 0.037940

45.5 0.849194 0.861676 0.790703 0.833858 0.037891

46.0 0.909105 0.930666 0.860256 0.900009 0.036076

46.5 0.955949 0.978786 0.918309 0.951014 0.030539

47.0 0.986721 1.000000 0.961995 0.982905 0.019288

47.5 1.000000 0.989432 0.994716 0.007472

48.0 1.000000 1.000000

Temperature (°C)

Replicate: 1 2 3 MEAN SD 1 2 3 MEAN SD

30.0 0.000000 0.000000 0.000000 0.000000 0.000000

30.5 0.009974 0.016816 0.011468 0.012753 0.003598

31.0 0.022260 0.035468 0.024631 0.027453 0.007041

31.5 0.037123 0.056014 0.039488 0.044208 0.010292

32.0 0.055023 0.079129 0.056525 0.063559 0.013505

32.5 0.076161 0.105241 0.075939 0.085780 0.016854

33.0 0.100799 0.134043 0.098193 0.111012 0.019988

33.5 0.000000 0.000000 0.129797 0.166391 0.124254 0.140148 0.022896

34.0 0.003481 0.003481 0.164344 0.203265 0.154960 0.174190 0.025614

34.5 0.017108 0.242701 0.000000 0.086603 0.135455 0.204901 0.245093 0.190971 0.213655 0.028103

35.0 0.045554 0.277828 0.009984 0.111122 0.145463 0.252527 0.292546 0.233057 0.259376 0.030330

35.5 0.090113 0.319343 0.032158 0.147205 0.151866 0.307418 0.346848 0.281482 0.311916 0.032914

36.0 0.151482 0.368157 0.068011 0.195883 0.154921 0.368584 0.406959 0.335652 0.370398 0.035688

36.5 0.228367 0.429288 0.118128 0.258594 0.157767 0.434705 0.471901 0.394576 0.433728 0.038672

37.0 0.318679 0.499544 0.182054 0.333426 0.159258 0.504128 0.539779 0.457001 0.500303 0.041521

37.5 0.418938 0.577099 0.258688 0.418241 0.159207 0.574609 0.608573 0.521406 0.568196 0.043936

38.0 0.524070 0.659215 0.344852 0.509379 0.157696 0.643636 0.676512 0.585900 0.635349 0.045871

38.5 0.628804 0.740876 0.437500 0.602393 0.153403 0.709690 0.740659 0.649006 0.699785 0.046622

39.0 0.727770 0.816606 0.533001 0.692459 0.145063 0.770791 0.800220 0.709295 0.760102 0.046395

39.5 0.817088 0.883212 0.627140 0.775813 0.132932 0.825748 0.852871 0.765314 0.814645 0.044822

40.0 0.891387 0.937044 0.715573 0.848001 0.116936 0.873241 0.897695 0.815919 0.862285 0.041975

40.5 0.946588 0.974453 0.795449 0.905497 0.096317 0.912676 0.934385 0.860470 0.902510 0.037992

41.0 0.982693 0.995894 0.863978 0.947522 0.072651 0.943788 0.962453 0.898351 0.934864 0.032970

41.5 1.000000 1.000000 0.918957 0.972986 0.046790 0.967105 0.982633 0.929431 0.959723 0.027358

42.0 0.959803 0.959803 0.983222 0.994802 0.954238 0.977421 0.020895

42.5 0.986644 0.986644 0.993328 1.000000 0.973080 0.988803 0.014019

43.0 1.000000 1.000000 0.998679 0.986661 0.992670 0.008498

43.5 1.000000 0.995620 0.997810 0.003097

44.0 1.000000 1.000000

44.5

45.0

45.5

46.0

46.5

47.0

47.5

48.0

UNC-45B(WT)

UNC-45B(Ser403Pro) UNC-45B(Cys514Arg)

UNC-45B(Arg778Trp)UNC-45B(Arg754Gln)



Supplemental Methods 

Whole Exome Sequencing 

Trio WES for P1 and singleton WES for P5 was performed at the Broad Institute (Boston, 

USA) using Standard Germline Exome version 5, handled by the Genomics Platform’s 

Core Exome/RNA product team. The process includes sample prep (Illumina Nextera), 

hybrid capture (Illumina Rapid Capture Enrichment 37Mb target), sequencing (Illumina, 

150bp paired reads) and identification quality control check. The hybrid selection libraries 

typically meet or exceed 85% of targets at 20x, comparable to ~55x mean coverage. 

Trio WES for P2 was performed using the SureSelect Human All Exon 50Mb capture 

library v5 (Agilent, Santa Clara, USA) and paired-end sequencing on Illumina HiSeq2500 

(Illumina, San Diego, USA) with 30X coverage. The data were aligned to the 

GRCh37/hg19 reference genome, and variants were filtered according to their frequency 

in gnomAD (http://gnomad.broadinstitute.org/).  

WES for P3 and P4 was performed using Nextera Flex for Enrichment library 

preparation (Illumina, San Diego, CA, USA). Libraries were sequenced using a 

NextSeq500 sequencer (Illumina, San Diego, CA, USA) with 150 bp paired-end reads. 

The reads were mapped to the human reference genome (GRCh37/hg19) by 

Burrows–Wheeler Aligner (BWA) bwa v0.7.17. Duplicate reads were removed with 

picard v2.2. On average, for P3 mean depth was 119X with 94.33% of regions covered 

at least 20X. For P4 mean depth was 101X with 93.5% of regions covered at least 20x. 

Variant calling was realized using the Genome Analysis Toolkit (GATK) v4.0.7.0 and 

annotated with Varaft 2V.16 1. 

http://gnomad.broadinstitute.org/


WES for P6, P7 and P8 was performed using SureSelectXT Human All Exon V6 (Agilent 

Technologies, Santa Clara, CA, USA). Captured DNA was sequenced using a HiSeq 1000 

(Illumina, San Diego, CA, USA) with 150 bp paired-end reads. The reads were mapped to 

the human reference genome (GRCh37/hg19) by Burrows–Wheeler Aligner (BWA) 

0.7.5a-r405. Duplicate reads were removed with Picard 1.99. Variants were identified with 

the Genome Analysis Toolkit (GATK) v3.2 based on the GATK Best Practice Workflow 

and annotated with ANNOVAR (2017Jul16).  

 

WES for P9 was performed as described elsewhere2. Briefly, target enrichment was 

performed with 2 μg genomic DNA using the SureSelectXT Human All Exon Kit V6 (Agilent 

Technologies, Santa Clara, CA, USA) to generate barcoded whole-exome sequencing 

libraries. Libraries were sequenced on the HiSeqX platform (Illumina, San Diego, CA, 

USA) with 50x coverage. Quality assessment of the sequence reads was performed by 

generating QC statistics with FastQC  

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). The bioinformatics filtering 

strategy included screening for only exonic and donor/acceptor splicing variants. In 

accordance with the pedigree and phenotype, priority was given to rare variants (<0.01% 

in public databases, including 1,000 Genomes project, NHLBI Exome Variant Server, 

Complete Genomics 69, and Exome Aggregation Consortium [ExAC v0.2]) that were 

fitting a recessive (homozygous or compound heterozygous) or a de novo model and/or 

variants in genes previously linked to proximal myopathy and other neurological disorders. 

 

WES for P10 was performed by target enrichment on genomic DNA using the 

SureSelectXT Human All Exon V6 (Agilent Technologies, Santa Clara, CA, USA) and the 

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc


HiSeq2500 platform for sequencing (Illumina, San Diego, CA, USA). The paired-end 

reads were aligned to the reference genome (GRCh37/hg19) using the CLC Biomedical 

Genomics workbench (Qiagen, Hilden, Germany). On average, 90% of all regions were 

covered at least 7x. Data were analyzed using Ingenuity Variant Analysis (IVA) (Qiagen, 

Hilden, Germany).  

Confirmation of variants and segregation was performed by Sanger sequencing. 

RNA Sequencing 

For P2, P3 and P4 muscle lysates were prepared with a Precellys 24 homogenizer (Bertin, 

Montigny-le-Bretonneux, France). RNA isolation and purification were performed using 

the TRI Reagent (MRC, Mongomery, USA), and paired-end sequenced on Illumina 

HiSeq2500 (Illumina, San Diego, USA). The data were aligned to the GRch38 reference 

genome. For splicing verifications, cDNA synthesis was performed with the SuperScript 

IV RT (Thermofischer, Waltham, USA) and amplified with UNC45B-specific primers.  

Permeabilized muscle fiber mechanics 

Single fibers were dissected from the muscle biopsies and permeabilized overnight as 

described previously3. This procedure renders the membranous structures in the muscle 

fibers permeable, which enables activation of the myofilaments with exogenous calcium. 

Preparations were washed thoroughly with relaxing solution and stored in 50% 

glycerol/relaxing solution at −20 °C. Single muscle fibers were dissected from the 

permeabilized strips, and were mounted using aluminum T-clips between a length motor 

(ASI 315C-I, Aurora Scientific Inc., Ontario, Canada) and a force transducer element (ASI 



403A, Aurora Scientific Inc., Ontario, Canada) in a single fiber apparatus (ASI 802D, 

Aurora Scientific Inc., Ontario, Canada) that was mounted on the stage of an inverted 

microscope (Zeiss Axio Observer A1). Sarcomere length was determined using a high 

speed VSL camera and ASI 900B software (Aurora Scientific Inc., Ontario, Canada). 

Mechanical experiments were performed at a sarcomere length of 2.5 μm, to ensure that 

the sarcomeres operate at an optimal length (middle of the plateau phase). Fiber width 

and diameter were measured at three points along the fiber and the cross-sectional area 

was determined assuming an elliptical cross-section. The bathing solutions used during 

the experimental protocols were: a relaxing solution (100 mM BES, 6.97 mM EGTA, 6.48 

mM MgCl2, 5.89 mM Na2-ATP, 40.76 mM K-propionate, 14.5 mM creatine phosphate), a 

pre-activating solution with low EGTA concentration (100 mM BES, 0.1 mM EGTA, 6.42 

mM MgCl2, 5.87 mM Na2-ATP, 41.14 mM K-propionate, 14.5 mM creatine phosphate, 6.9 

mM HDTA), and an activating solution (100 mM BES, 7.0 mM Ca-EGTA, 6.28 mM MgCl2, 

5.97 mM Na2-ATP, 40.64 mM K-propionate, 14.5 mM creatine phosphate). The 

temperature of the bathing solutions was kept constant at 20°C using a TEC controller 

(ASI 825A, Aurora Scientific Inc. Ontario, Canada). The relaxation kinetics were 

calculated by fitting a mono-exponential through the force relaxation curve. To investigate 

the sarcomere-length dependency of force, maximal active tension was measured at 

incremental sarcomere lengths (2.0 – 3.5 µm). 

To investigate submaximal force generating capacities at the sarcomere level, 

force-pCa relations were established. To determine the force-pCa relation (pCa = -log of 

molar free Ca2+ concentration), permeabilized muscle fibers were sequentially bathed in 

solutions with pCa values ranging from 4.5 to 9.0 and the steady-state force was 

measured. Force values were normalized to the maximal force obtained at pCa 4.5. The 



obtained force-pCa data were fit to the Hill equation, providing the pCa50 and the Hill 

coefficient, nH, an index of myofilament cooperativity. 

To assess the tension cost during contraction, ATPase activity (temperature 12°C) 

at saturating [Ca2+] (pCa 4.5) was measured photometrically by enzymatic coupling of the 

regeneration of ATP to the oxidation of NADH present in the bathing solution4. Sarcomere 

length was set at 2.5 µm. NADH breakdown was monitored via the absorption of near UV 

light at 340 nm. The activation buffer contained 10 mm phosphoenol pyruvate, with 4 

mg•ml–1 pyruvate kinase (500 U•mg–1), 0.24 mg•ml–1 lactate dehydrogenase (870 U•mg–

1) and 20 µm diadenosine-5′ pentaphosphate (A2P5). Briefly, the set up consisted of two 

anodized aluminium troughs (volume 80 μl each) containing relaxing and pre-activating 

solution and a measuring chamber (volume about 30 μl) containing activating solution. 

The solution was continuously stirred via a membrane at the base of the chamber. UV 

light passed through the chamber beneath the fibre, and the transmitted light was 

monitored by two UV-enhanced photodiodes at 340 and 400 nm. The photodiode at 400 

nm provided a reference signal, independent of NADH concentration. A syringe, controlled 

by a stepper motor, was used to add 0.05 μl of 10 mM ADP at the end of each recording 

to calibrate the absorbance signal. Force during the enzymatic assay was measured by 

means of a strain gauge transducer (AE801 SensoNor, Horten, Norway). The force and 

the absorbance signals were filtered at 1 kHz and 2.5 Hz, respectively. The ATPase rate 

was measured as the slope over time of the absorbance signal. The ATPase rate was 

divided by tension (force/CSA) to determine the tension cost. 

As the contractile properties of muscle fibers are influenced by the myosin heavy 

chain composition of the muscle fibers, we used a specialized SDS-PAGE technique to 

analyze the myosin heavy chain isoform composition in the muscle fibers used in 



contractility experiments. In brief, muscle fibers were denatured by boiling for 2 minutes 

in SDS sample buffer. The stacking gel contained a 4% acrylamide concentration (pH 

6.7), and the separating gel contained 7% acrylamide (pH 8.7) with 30% glycerol (v/v). 

The gels were run for 24h at 15 °C and a constant voltage of 275 volt. Finally, the gels 

were silver-stained, scanned, and analyzed with ImageQuant TL software (GE 

Healthcare, Chicago, IL).  

 

Immunostaining & microscopy 

Pre-cooled 100% methanol fixed 8 m muscle longitudinal sections were blocked in PBS 

with 10% goat serum and 0.1% Tx-100, then incubated with primary antibodies anti-UNC-

45B (HPA017861, Sigma) and anti--Actinin (A7811,sigma) with 10x of PrEST Antigen 

UNC-45B (APREST72666, Sigma) at 4C overnight. The antibody labeling was detected 

with secondary antibodies Alexa 488- conjugated goat anti-mouse IgG and Alexa 568-

conjugated goat anti-rabbit IgG (Thermofisher, Rockford, IL) for 1h at room temperature. 

Prepared muscle sections were imaged with a Zeiss Airy microscope (Zeiss, Germany).  

 

In vitro ubiquitylation assay 

Briefly, C. elegans UNC-45 recombinant proteins were incubated with C. elegans CHN-1 

and UFD-2b recombinant proteins and the extent of ubiquitylation was evaluated in a 

western blot. Reactions were done in ubiquitinylation buffer (Enzo), supplemented with 1x 

ATP Regeneration Buffer (Enzo) and 50 µM ubiquitin (Flag-tagged, Boston Biochem). 

Ubiquitin activating enzyme E1 (His-tagged, Enzo) was used at a concentration of 0.1 µM. 

Enzyme E2 (LET-70-6xHIS), VSV-CHN-1-6xHIS and UFD-2b-6xHIS were purified in-

house via HIS-binding to HisTrap FF columns on an ÄKTApurifier (GE Healthcare) or to 



Ni-NTA agarose (QIAGEN). E2, E3 and substrate proteins were used at a concentration 

of 0.2 μM. After incubation at 30°C for 2 h, reactions were stopped by addition of 2x SDS-

PAGE sample buffer (125 mM Tris pH 6.8, 4 % SDS, 20 % glycerol, 0.03 % bromophenol 

blue, 0.05 % β-mercaptoethanol) and boiling at 95°C for 5 min. Samples were run on 4-

12% Bis-Tris gels (Invitrogen), transferred to nitrocellulose membranes, probed with 

antibodies for C. elegans UNC-45, UFD-2b (Biogenes) and VSV-tagged CHN-1 (P5D4, 

Roche), and detected using IRDye@ 800CW Goat anti-Mouse IgG secondary antibodies 

(LI-COR Biotechnology) on an Odyssey CLx Imager (LI-COR Biotechnology). 
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Supplemental Figure Legends 

 

Figure S1. Normal fiber contractile performance in P1 UNC-45B muscle. Muscle fiber 

contractile property from P1 (homozygous c.2261G>A UNC45B) was compared to 

controls. (A) Maximal tension generated by P1 fibers was similar to controls. (B) The 

calcium sensitivity of force was normal in P1 muscle compared to control. (C) Actin-myosin 

cross bridge attachment rates (Ktr) were normal in P1 muscle compared to type I control 

fibers, (D) with normal tension costs. Each data point in control bars represents the 

average of 8–15 muscle fibers from one control subject; each data point in P1 bar is one 

muscle fiber.  

 

Figure S2. UNC-45B antibody is specific for the UNC-45B protein. (A) Longitudinal 

sections of control muscle biopsy incubated with either no UNC-45B immunizing peptide 

(top) or 10x excess of UNC-45B immunizing peptide (bottom), and stained for UNC-45B 

(red) and Z-disk protein α-actinin (green) confirmed the specificity of the UNC-45B 

antibody for the UNC-45B protein. Scale bar corresponds to 10 µm. 

 

Figure S3. UNC45B pathogenic variants identified by exome sequencing. (A) 

Pedigree of P3. (B) BAM files visualized in Integrative Genomics Viewer (IGV) showing 

aligned P3 muscle RNA sequence reads from the homozygous c.2261G>A; 

p.(Arg754Gln) UNC45B variant. (C) Pedigree of P2. (D) Sanger Sequencing on P2 

genomic DNA showing the c.2332C>T; p.(Arg778Trp) UNC45B variant (top) and BAM 

files visualized in Integrative Genomics Viewer (IGV) showing aligned sequence reads 

(bottom). (E) Sanger Sequencing on P2 genomic DNA showing the c.2261+5G>C 



UNC45B variant (top) and BAM files visualized in IGV showing aligned sequence reads 

(bottom). (F) BAM files visualized in IGV showing aligned P2 muscle RNA sequence reads 

at the c.2332C>T; p.(Arg778Trp) UNC45B variant and revealing allelic imbalance in favor 

of the p.(Arg778Trp) variant. (G) BAM files visualized in IGV showing aligned P2 muscle 

RNA sequence reads of the c.2261+5G>C UNC45B variant and revealing the activation 

of a nearby intronic cryptic donor site which elongates the splice product to include an in-

frame STOP codon. (H) Sequencing of reverse transcribed mRNA showing allelic 

imbalance towards the p.(Arg778Trp) variant. 

 

Figure S4. In vitro analysis of human UNC-45B mutant proteins and C. elegans UNC-

45 orthologue proteins. (A) Purified UNC-45BWT, UNC-45BArg754Gln, UNC-45BArg778Trp, 

UNC-45BSer403Pro, and UNC-45BCys514Arg buffered solutions were subjected to partial 

proteolysis with trypsin at room temperature (22°C) and samples were loaded on SDS-

PAGE gels for separation. Coomassie-stained gels are shown. (B) Quantification of full-

length protein (FL, ~109 kDa) compared to time point 0 at 22°C. Results of three 

experiments. (C) In vitro ubiquitylation of purified UNC-45 wild-type and mutant proteins 

with the combination of enzymes indicated. The reaction was terminated by addition of 

SDS-PAGE sample buffer and analyzed by western blotting against UNC-45, UFD-2 and 

VSV-tagged CHN-1. (D) Purified C. elegans UNC-45WT, UNC-45Arg767Gln, and UNC-

45Arg792Trp solutions were subjected to partial proteolysis with trypsin at room temperature 

and samples were loaded on SDS-PAGE gels for separation. Coomassie stained gels are 

shown. (E) Quantification of full-length protein (FL, 109 kDa) compared to time point 0. 

Results of three independent experiments. 

  



Supplemental Tables 

Table S1. UNC45B variants identified.  

DNA variant RNA variant Protein variant 
C. elegans 
orthologous 
proteins 

c.1207T>C na p.(Ser403Pro) p.(Ile422Pro) 

c.1540T>C na p.(Cys514Arg) p.(Cys532Arg) 

c.2261G>A  r.[2261g>a,2261_2262ins2261+1_2261+9] 
p.(Arg754Gln), 

p.(Arg754GlnfsTer2) 

p.(Arg767Gln) 

c.2261+5G>C r.2261_2262ins2261+1_2261+9 p.(Arg754GlnfsTer2) p.(Arg767Gln) 

c.2332C>T r.2232c>u p.(Arg778Trp) p.(Arg792Trp) 

 

Table S2. Oligonucleotides used in this study. 

Name  5‘-3‘ sequence Source 

UNC-45B cDNA into 
pET21a FOR 

gaagatctgATGGCAGAGGTGGAAGCG This study 

UNC-45B cDNA into 
pET21a REV 

tggtggtgAGACACTGGTTTAATGAAACCATAATCCAT This study 

UNC-45B cDNA into 
pET21a vector FOR 

CAGTGTCTcaccaccaccaccaccacta This study 

UNC-45B cDNA into 
pET21a vector REV 

CTCTGCCATcagatcttcttcagaaataagtttttgttcc This study 

UNC-45B Arg754Gln 
mutagenesis FOR 

GACAAACTCCaGCAGAAGATCTTTAAGGAG This study 

UNC-45B Arg754Gln 
mutagenesis REV 

ACTCCGCCCAGACAGGTT This study 

UNC-45B Arg778Trp 
mutagenesis FOR 

TGATCAGCTGtGGCAGGCGGC This study 

UNC-45B Arg778Trp 
mutagenesis REV 

TGATTCTCAAACATGTAGTTCTCGATGTCTGG This study 

UNC-45B Ser403Pro 
mutagenesis FOR 

CCAGACAGTGcCAGGGATCCT This study 

UNC-45B Ser403Pro 
mutagenesis REV 

ATGGCATTCAAGTTCTTGTC This study 

UNC-45B Cys514Arg 
mutagenesis FOR 

GGCCAAACAGcGTCGCAAGTG This study 



Name  5‘-3‘ sequence Source 

UNC-45B Cys514Arg 
mutagenesis REV 

AGTTTTTCTGTCGACCCTTC This study 

UNC-45 Arg767Gln 
mutagenesis FOR 

GATTCGATTCagGGACGAATTTTGAAAGAGAAG This study 

UNC-45 Arg767Gln 
mutagenesis REV 

ACTGACGCTTGCCAAGTT This study 

UNC-45 Arg792Trp 
mutagenesis FOR 

CGAGCATTTGtggGCCGCCGCCG  This study 

UNC-45 Arg792Trp 
mutagenesis REV 

TGATCCGTCATAAACCAGAATTCCTCAATCTTTG This study 

UNC-45 Ile422Pro 
mutagenesis FOR 

ATGCTTCTTGccTACAATGCTTCAAG This study 

UNC-45 Ile422Pro 
mutagenesis REV 

GATAGTTTGATACGGTATTTG This study 

UNC-45 Cys532Arg 
mutagenesis FOR 

GGCGAAGACTcGCAAGAAATTC This study 

UNC-45 Cys532Arg 
mutagenesis REV 

AAACTGATCACTGCTTCTTC This study 

unc-45 genotyping FOR AGATCAAGGCGGGACATGC This study 

unc-45(m94) genotyping 
REV in combination with 
EcoRI digestion 

TCCACTCGATACTTGTTCGCTTTCT This study 

FLAG-tag genotyping 
REV in combination with 
BsmFI digestion for 
R767Q substitution or in 
combination with 
Sau96I digestion for 
R792W substitution 

GTCATCGTCATCCTTGTAATC This study 

  



Table S3. C. elegans strains used in this study. 

Strain name Origin Resource 

C. elegans: Bristol (N2) strain as wild type 
(WT) CGC 

Wormbase ID: 
N2 

unc-119(ed4)III Baumeister Lab BR854 

unc-45(m94)III CGC 
Wormbase ID: 
DR94 

unc-45(m94)III; hhIs84[unc-119(+); unc-
54::unc-45FLAG]  Hoppe Lab 

Gazda et al., 
2013 

unc-45(m94)III; hhIs238[unc-119(+); unc-
54::unc-45R767QFLAG] this study N/A 

unc-45(m94)III; hhIs243[unc-119(+); unc-
54::unc-45R792WFLAG] this study N/A 

unc-45(m94)III; hhIs254[unc-119(+); 
Punc-54::unc-45I422PFLAG] this study N/A 

unc-45(m94)III; hhIs253[unc-119(+); 
Punc-54::unc-45C532RFLAG] this study N/A 

 

  



Table S4. Relative fluorescence signal in partial trypsin proteolysis of recombinant 

UNC-45B mutant proteins at 37°C. 

Time 
(min) UNC-45B(WT)  

 1 2 MEAN SD     

0 1.00 1.00 1.00 0.00     

1   0.88 0.88       

2 0.65 0.68 0.66 0.02     

5 0.22 0.29 0.25 0.05     

10 0.05 0.08 0.06 0.02     

20 0.01 0.03 0.02 0.01     

40 0.01 0.01 0.01 0.00     

60 0.01 0.01 0.01 0.00     

         

Time 
(min) UNC-45B(Arg754Gln) UNC-45B(Arg778Trp) 

 1 2 MEAN SD 1 2 MEAN SD 

0 1.00 1.00 1.00 0.00 1.00 1.00 1.00 0.00 

1   0.90 0.90     0.83 0.83   

2 0.68 0.74 0.71 0.04 0.62 0.70 0.66 0.06 

5 0.32 0.48 0.40 0.11 0.32 0.40 0.36 0.05 

10 0.20 0.34 0.27 0.09 0.20 0.31 0.26 0.08 

20 0.19 0.28 0.24 0.07 0.13 0.24 0.19 0.08 

40 0.15 0.25 0.20 0.07 0.15 0.13 0.14 0.02 

60 0.12 0.10 0.11 0.01 0.08 0.25 0.17 0.12 

         

Time 
(min) UNC-45B(Ser403Pro) UNC-45B(Cys514Arg) 

 1 2 MEAN SD 1 2 MEAN SD 

0 1.00 1.00 1.00 0.00 1.00 1.00 1.00 0.00 

1   0.98 0.98     0.93 0.93   

2 0.95 0.88 0.91 0.05 0.66 0.82 0.74 0.11 

5 0.60 0.60 0.60 0.00 0.33 0.60 0.47 0.19 

10 0.43 0.54 0.48 0.08 0.18 0.37 0.28 0.13 

20 0.45 0.35 0.40 0.07 0.13 0.30 0.22 0.12 

40 0.09 0.34 0.21 0.17 0.11 0.23 0.17 0.08 

60 0.08 0.31 0.20 0.16 0.11 0.15 0.13 0.03 

 
  



Table S5. Parameters of Boltzmann sigmoidal curve fit to normalized SYPRO 

fluorescence signals in thermal shift assay of recombinant UNC-45B mutant 

proteins. 

  UNC45BWT UNC45BR754Q UNC45BR778W UNC45BS403P UNC45BC514R 

Boltzmann sigmoidal           

Best-fit values           

Bottom = 0 = 0 = 0 = 0 = 0 

Top = 1 = 1 = 1 = 1 = 1 

V50 43.16 38.18 37.85 37.88 36.9 

Slope 1.58 1.324 1.464 1.274 1.742 

Std. Error           

V50 0.04358 0.05145 0.04907 0.1241 0.03901 

Slope 0.03976 0.04617 0.04361 0.1148 0.03492 

95% CI (profile 
likelihood)           

V50 
43.07 to 
43.25 

38.08 to 
38.28 

37.75 to 
37.94 

37.63 to 
38.13 

36.83 to 
36.98 

Slope 1.502 to 1.66 
1.235 to 
1.417 1.38 to 1.552 

1.061 to 
1.518 1.675 to 1.81 

Goodness of Fit           

Degrees of Freedom 86 60 76 48 81 

R square 0.9903 0.9852 0.9887 0.9061 0.9936 

Absolute Sum of 
Squares 0.1025 0.1196 0.1248 0.5738 0.07059 

Sy.x 0.03452 0.04465 0.04053 0.1093 0.02952 

Constraints           

Bottom Bottom = 0 Bottom = 0 Bottom = 0 Bottom = 0 Bottom = 0 

Top Top = 1 Top = 1 Top = 1 Top = 1 Top = 1 

            

Number of points           

# of X values 123 123 123 114 123 

# Y values analyzed 88 62 78 50 83 

 
 



Table S6. Single normalized fluorescence values of thermal shift assays of recombinant

UNC-45B mutant proteins.

Temperature (°C)

Replicate: 1 2 3 MEAN SD 1 2 3 MEAN SD 1 2 3 MEAN SD

30.0

30.5

31.0 0.000000 0.032292 0.000000 0.010764 0.018644

31.5 0.000000 0.000000 0.000829 0.048511 0.000513 0.016618 0.027621

32.0 0.000104 0.000104 0.004261 0.065842 0.002395 0.024166 0.036105

32.5 0.000449 0.000449 0.010298 0.084136 0.005713 0.033382 0.044013

33.0 0.001122 0.001122 0.019768 0.103466 0.010571 0.044602 0.051185

33.5 0 0.002279 0.001140 0.001612 0.000000 0.084682 0.000000 0.028227 0.048891 0.034209 0.123759 0.017618 0.058529 0.057097

34.0 0.000896 0.004006 0.002451 0.002199 0.006790 0.105336 0.003368 0.038498 0.057909 0.055990 0.145756 0.028188 0.076645 0.061445

34.5 0.002740 0.006475 0.004608 0.002641 0.023173 0.128830 0.012009 0.054671 0.064466 0.086056 0.170197 0.044267 0.100173 0.064141

35.0 0.006060 0.000000 0.009842 0.005301 0.004965 0.052546 0.156110 0.028937 0.079198 0.067646 0.126776 0.198341 0.068555 0.131224 0.065007

35.5 0.011118 0.001725 0.014332 0.009058 0.006551 0.096974 0.189415 0.057609 0.114666 0.067661 0.179096 0.232780 0.103790 0.171889 0.064796

36.0 0.018021 0.005174 0.020065 0.014420 0.008072 0.157491 0.230120 0.100727 0.162779 0.064859 0.243016 0.274922 0.152094 0.223344 0.063734

36.5 0.026979 0.010693 0.027265 0.021646 0.009486 0.233210 0.279690 0.159532 0.224144 0.060590 0.316170 0.326915 0.213875 0.285653 0.062393

37.0 0.038360 0.018455 0.036089 0.030968 0.010896 0.322066 0.338296 0.233138 0.297834 0.056612 0.397254 0.387794 0.287630 0.357559 0.060745

37.5 0.052482 0.029148 0.046829 0.042820 0.012173 0.419336 0.404647 0.318488 0.380824 0.054482 0.482244 0.457117 0.370177 0.436513 0.058807

38.0 0.069396 0.042946 0.059641 0.057328 0.013376 0.519705 0.477022 0.410529 0.469085 0.055019 0.567708 0.531847 0.456794 0.518783 0.056599

38.5 0.089525 0.060021 0.074923 0.074823 0.014752 0.617565 0.551549 0.504387 0.557834 0.056850 0.650095 0.607984 0.543069 0.600383 0.053916

39.0 0.113394 0.080890 0.093053 0.095779 0.016423 0.708635 0.625301 0.595409 0.643115 0.058677 0.725852 0.682566 0.625103 0.677840 0.050541

39.5 0.141216 0.105381 0.114465 0.120354 0.018629 0.789225 0.695009 0.679695 0.721310 0.059313 0.793561 0.751666 0.700021 0.748416 0.046855

40.0 0.173464 0.134357 0.139761 0.149194 0.021191 0.857122 0.758348 0.754719 0.790063 0.058103 0.851089 0.813509 0.766112 0.810237 0.042583

40.5 0.210349 0.167989 0.169444 0.182594 0.024047 0.910849 0.814114 0.819729 0.848230 0.054302 0.897846 0.866390 0.823105 0.862447 0.037526

41.0 0.252556 0.206968 0.204289 0.221271 0.027126 0.951144 0.861618 0.873837 0.895533 0.048547 0.934422 0.909717 0.870895 0.905011 0.032024

41.5 0.300295 0.252328 0.244919 0.265848 0.030062 0.978745 0.901377 0.917531 0.932551 0.040813 0.962003 0.944156 0.909996 0.938718 0.026426

42.0 0.354042 0.305105 0.292197 0.317115 0.032624 0.994539 0.933735 0.951520 0.959931 0.031262 0.981297 0.970004 0.941502 0.964268 0.020508

42.5 0.414006 0.366161 0.346623 0.375597 0.034668 1.000000 0.959639 0.976336 0.978658 0.020281 0.993726 0.987409 0.966030 0.982389 0.014515

43.0 0.480135 0.436357 0.408717 0.441736 0.036012 0.979518 0.992378 0.985948 0.009093 1.000000 0.997408 0.983990 0.993799 0.008593

43.5 0.551691 0.514660 0.478200 0.514851 0.036746 0.993115 1.000000 0.996558 0.004868 1.000000 0.995519 0.997759 0.003169

44.0 0.627305 0.600207 0.553848 0.593787 0.037147 1.000000 1.000000 1.000000 1.000000

44.5 0.704447 0.690238 0.633329 0.676005 0.037635

45.0 0.779640 0.779062 0.713639 0.757447 0.037940

45.5 0.849194 0.861676 0.790703 0.833858 0.037891

46.0 0.909105 0.930666 0.860256 0.900009 0.036076

46.5 0.955949 0.978786 0.918309 0.951014 0.030539

47.0 0.986721 1.000000 0.961995 0.982905 0.019288

47.5 1.000000 0.989432 0.994716 0.007472

48.0 1.000000 1.000000

Temperature (°C)

Replicate: 1 2 3 MEAN SD 1 2 3 MEAN SD

30.0 0.000000 0.000000 0.000000 0.000000 0.000000

30.5 0.009974 0.016816 0.011468 0.012753 0.003598

31.0 0.022260 0.035468 0.024631 0.027453 0.007041

31.5 0.037123 0.056014 0.039488 0.044208 0.010292

32.0 0.055023 0.079129 0.056525 0.063559 0.013505

32.5 0.076161 0.105241 0.075939 0.085780 0.016854

33.0 0.100799 0.134043 0.098193 0.111012 0.019988

33.5 0.000000 0.000000 0.129797 0.166391 0.124254 0.140148 0.022896

34.0 0.003481 0.003481 0.164344 0.203265 0.154960 0.174190 0.025614

34.5 0.017108 0.242701 0.000000 0.086603 0.135455 0.204901 0.245093 0.190971 0.213655 0.028103

35.0 0.045554 0.277828 0.009984 0.111122 0.145463 0.252527 0.292546 0.233057 0.259376 0.030330

35.5 0.090113 0.319343 0.032158 0.147205 0.151866 0.307418 0.346848 0.281482 0.311916 0.032914

36.0 0.151482 0.368157 0.068011 0.195883 0.154921 0.368584 0.406959 0.335652 0.370398 0.035688

36.5 0.228367 0.429288 0.118128 0.258594 0.157767 0.434705 0.471901 0.394576 0.433728 0.038672

37.0 0.318679 0.499544 0.182054 0.333426 0.159258 0.504128 0.539779 0.457001 0.500303 0.041521

37.5 0.418938 0.577099 0.258688 0.418241 0.159207 0.574609 0.608573 0.521406 0.568196 0.043936

38.0 0.524070 0.659215 0.344852 0.509379 0.157696 0.643636 0.676512 0.585900 0.635349 0.045871

38.5 0.628804 0.740876 0.437500 0.602393 0.153403 0.709690 0.740659 0.649006 0.699785 0.046622

39.0 0.727770 0.816606 0.533001 0.692459 0.145063 0.770791 0.800220 0.709295 0.760102 0.046395

39.5 0.817088 0.883212 0.627140 0.775813 0.132932 0.825748 0.852871 0.765314 0.814645 0.044822

40.0 0.891387 0.937044 0.715573 0.848001 0.116936 0.873241 0.897695 0.815919 0.862285 0.041975

40.5 0.946588 0.974453 0.795449 0.905497 0.096317 0.912676 0.934385 0.860470 0.902510 0.037992

41.0 0.982693 0.995894 0.863978 0.947522 0.072651 0.943788 0.962453 0.898351 0.934864 0.032970

41.5 1.000000 1.000000 0.918957 0.972986 0.046790 0.967105 0.982633 0.929431 0.959723 0.027358

42.0 0.959803 0.959803 0.983222 0.994802 0.954238 0.977421 0.020895

42.5 0.986644 0.986644 0.993328 1.000000 0.973080 0.988803 0.014019

43.0 1.000000 1.000000 0.998679 0.986661 0.992670 0.008498

43.5 1.000000 0.995620 0.997810 0.003097

44.0 1.000000 1.000000

44.5

45.0

45.5

46.0

46.5

47.0

47.5

48.0

UNC-45B(WT)

UNC-45B(Ser403Pro) UNC-45B(Cys514Arg)

UNC-45B(Arg778Trp)UNC-45B(Arg754Gln)



Supplemental Methods 

Whole Exome Sequencing 

Trio WES for P1 and singleton WES for P5 was performed at the Broad Institute (Boston, 

USA) using Standard Germline Exome version 5, handled by the Genomics Platform’s 

Core Exome/RNA product team. The process includes sample prep (Illumina Nextera), 

hybrid capture (Illumina Rapid Capture Enrichment 37Mb target), sequencing (Illumina, 

150bp paired reads) and identification quality control check. The hybrid selection libraries 

typically meet or exceed 85% of targets at 20x, comparable to ~55x mean coverage. 

Trio WES for P2 was performed using the SureSelect Human All Exon 50Mb capture 

library v5 (Agilent, Santa Clara, USA) and paired-end sequencing on Illumina HiSeq2500 

(Illumina, San Diego, USA) with 30X coverage. The data were aligned to the 

GRCh37/hg19 reference genome, and variants were filtered according to their frequency 

in gnomAD (http://gnomad.broadinstitute.org/).  

WES for P3 and P4 was performed using Nextera Flex for Enrichment library 

preparation (Illumina, San Diego, CA, USA). Libraries were sequenced using a 

NextSeq500 sequencer (Illumina, San Diego, CA, USA) with 150 bp paired-end reads. 

The reads were mapped to the human reference genome (GRCh37/hg19) by 

Burrows–Wheeler Aligner (BWA) bwa v0.7.17. Duplicate reads were removed with 

picard v2.2. On average, for P3 mean depth was 119X with 94.33% of regions covered 

at least 20X. For P4 mean depth was 101X with 93.5% of regions covered at least 20x. 

Variant calling was realized using the Genome Analysis Toolkit (GATK) v4.0.7.0 and 

annotated with Varaft 2V.16 1. 

http://gnomad.broadinstitute.org/


WES for P6, P7 and P8 was performed using SureSelectXT Human All Exon V6 (Agilent 

Technologies, Santa Clara, CA, USA). Captured DNA was sequenced using a HiSeq 1000 

(Illumina, San Diego, CA, USA) with 150 bp paired-end reads. The reads were mapped to 

the human reference genome (GRCh37/hg19) by Burrows–Wheeler Aligner (BWA) 

0.7.5a-r405. Duplicate reads were removed with Picard 1.99. Variants were identified with 

the Genome Analysis Toolkit (GATK) v3.2 based on the GATK Best Practice Workflow 

and annotated with ANNOVAR (2017Jul16).  

 

WES for P9 was performed as described elsewhere2. Briefly, target enrichment was 

performed with 2 μg genomic DNA using the SureSelectXT Human All Exon Kit V6 (Agilent 

Technologies, Santa Clara, CA, USA) to generate barcoded whole-exome sequencing 

libraries. Libraries were sequenced on the HiSeqX platform (Illumina, San Diego, CA, 

USA) with 50x coverage. Quality assessment of the sequence reads was performed by 

generating QC statistics with FastQC  

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). The bioinformatics filtering 

strategy included screening for only exonic and donor/acceptor splicing variants. In 

accordance with the pedigree and phenotype, priority was given to rare variants (<0.01% 

in public databases, including 1,000 Genomes project, NHLBI Exome Variant Server, 

Complete Genomics 69, and Exome Aggregation Consortium [ExAC v0.2]) that were 

fitting a recessive (homozygous or compound heterozygous) or a de novo model and/or 

variants in genes previously linked to proximal myopathy and other neurological disorders. 

 

WES for P10 was performed by target enrichment on genomic DNA using the 

SureSelectXT Human All Exon V6 (Agilent Technologies, Santa Clara, CA, USA) and the 

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc


HiSeq2500 platform for sequencing (Illumina, San Diego, CA, USA). The paired-end 

reads were aligned to the reference genome (GRCh37/hg19) using the CLC Biomedical 

Genomics workbench (Qiagen, Hilden, Germany). On average, 90% of all regions were 

covered at least 7x. Data were analyzed using Ingenuity Variant Analysis (IVA) (Qiagen, 

Hilden, Germany).  

Confirmation of variants and segregation was performed by Sanger sequencing. 

RNA Sequencing 

For P2, P3 and P4 muscle lysates were prepared with a Precellys 24 homogenizer (Bertin, 

Montigny-le-Bretonneux, France). RNA isolation and purification were performed using 

the TRI Reagent (MRC, Mongomery, USA), and paired-end sequenced on Illumina 

HiSeq2500 (Illumina, San Diego, USA). The data were aligned to the GRch38 reference 

genome. For splicing verifications, cDNA synthesis was performed with the SuperScript 

IV RT (Thermofischer, Waltham, USA) and amplified with UNC45B-specific primers.  

Permeabilized muscle fiber mechanics 

Single fibers were dissected from the muscle biopsies and permeabilized overnight as 

described previously3. This procedure renders the membranous structures in the muscle 

fibers permeable, which enables activation of the myofilaments with exogenous calcium. 

Preparations were washed thoroughly with relaxing solution and stored in 50% 

glycerol/relaxing solution at −20 °C. Single muscle fibers were dissected from the 

permeabilized strips, and were mounted using aluminum T-clips between a length motor 

(ASI 315C-I, Aurora Scientific Inc., Ontario, Canada) and a force transducer element (ASI 



403A, Aurora Scientific Inc., Ontario, Canada) in a single fiber apparatus (ASI 802D, 

Aurora Scientific Inc., Ontario, Canada) that was mounted on the stage of an inverted 

microscope (Zeiss Axio Observer A1). Sarcomere length was determined using a high 

speed VSL camera and ASI 900B software (Aurora Scientific Inc., Ontario, Canada). 

Mechanical experiments were performed at a sarcomere length of 2.5 μm, to ensure that 

the sarcomeres operate at an optimal length (middle of the plateau phase). Fiber width 

and diameter were measured at three points along the fiber and the cross-sectional area 

was determined assuming an elliptical cross-section. The bathing solutions used during 

the experimental protocols were: a relaxing solution (100 mM BES, 6.97 mM EGTA, 6.48 

mM MgCl2, 5.89 mM Na2-ATP, 40.76 mM K-propionate, 14.5 mM creatine phosphate), a 

pre-activating solution with low EGTA concentration (100 mM BES, 0.1 mM EGTA, 6.42 

mM MgCl2, 5.87 mM Na2-ATP, 41.14 mM K-propionate, 14.5 mM creatine phosphate, 6.9 

mM HDTA), and an activating solution (100 mM BES, 7.0 mM Ca-EGTA, 6.28 mM MgCl2, 

5.97 mM Na2-ATP, 40.64 mM K-propionate, 14.5 mM creatine phosphate). The 

temperature of the bathing solutions was kept constant at 20°C using a TEC controller 

(ASI 825A, Aurora Scientific Inc. Ontario, Canada). The relaxation kinetics were 

calculated by fitting a mono-exponential through the force relaxation curve. To investigate 

the sarcomere-length dependency of force, maximal active tension was measured at 

incremental sarcomere lengths (2.0 – 3.5 µm). 

To investigate submaximal force generating capacities at the sarcomere level, 

force-pCa relations were established. To determine the force-pCa relation (pCa = -log of 

molar free Ca2+ concentration), permeabilized muscle fibers were sequentially bathed in 

solutions with pCa values ranging from 4.5 to 9.0 and the steady-state force was 

measured. Force values were normalized to the maximal force obtained at pCa 4.5. The 



obtained force-pCa data were fit to the Hill equation, providing the pCa50 and the Hill 

coefficient, nH, an index of myofilament cooperativity. 

To assess the tension cost during contraction, ATPase activity (temperature 12°C) 

at saturating [Ca2+] (pCa 4.5) was measured photometrically by enzymatic coupling of the 

regeneration of ATP to the oxidation of NADH present in the bathing solution4. Sarcomere 

length was set at 2.5 µm. NADH breakdown was monitored via the absorption of near UV 

light at 340 nm. The activation buffer contained 10 mm phosphoenol pyruvate, with 4 

mg•ml–1 pyruvate kinase (500 U•mg–1), 0.24 mg•ml–1 lactate dehydrogenase (870 U•mg–

1) and 20 µm diadenosine-5′ pentaphosphate (A2P5). Briefly, the set up consisted of two 

anodized aluminium troughs (volume 80 μl each) containing relaxing and pre-activating 

solution and a measuring chamber (volume about 30 μl) containing activating solution. 

The solution was continuously stirred via a membrane at the base of the chamber. UV 

light passed through the chamber beneath the fibre, and the transmitted light was 

monitored by two UV-enhanced photodiodes at 340 and 400 nm. The photodiode at 400 

nm provided a reference signal, independent of NADH concentration. A syringe, controlled 

by a stepper motor, was used to add 0.05 μl of 10 mM ADP at the end of each recording 

to calibrate the absorbance signal. Force during the enzymatic assay was measured by 

means of a strain gauge transducer (AE801 SensoNor, Horten, Norway). The force and 

the absorbance signals were filtered at 1 kHz and 2.5 Hz, respectively. The ATPase rate 

was measured as the slope over time of the absorbance signal. The ATPase rate was 

divided by tension (force/CSA) to determine the tension cost. 

As the contractile properties of muscle fibers are influenced by the myosin heavy 

chain composition of the muscle fibers, we used a specialized SDS-PAGE technique to 

analyze the myosin heavy chain isoform composition in the muscle fibers used in 



contractility experiments. In brief, muscle fibers were denatured by boiling for 2 minutes 

in SDS sample buffer. The stacking gel contained a 4% acrylamide concentration (pH 

6.7), and the separating gel contained 7% acrylamide (pH 8.7) with 30% glycerol (v/v). 

The gels were run for 24h at 15 °C and a constant voltage of 275 volt. Finally, the gels 

were silver-stained, scanned, and analyzed with ImageQuant TL software (GE 

Healthcare, Chicago, IL).  

 

Immunostaining & microscopy 

Pre-cooled 100% methanol fixed 8 m muscle longitudinal sections were blocked in PBS 

with 10% goat serum and 0.1% Tx-100, then incubated with primary antibodies anti-UNC-

45B (HPA017861, Sigma) and anti--Actinin (A7811,sigma) with 10x of PrEST Antigen 

UNC-45B (APREST72666, Sigma) at 4C overnight. The antibody labeling was detected 

with secondary antibodies Alexa 488- conjugated goat anti-mouse IgG and Alexa 568-

conjugated goat anti-rabbit IgG (Thermofisher, Rockford, IL) for 1h at room temperature. 

Prepared muscle sections were imaged with a Zeiss Airy microscope (Zeiss, Germany).  

 

In vitro ubiquitylation assay 

Briefly, C. elegans UNC-45 recombinant proteins were incubated with C. elegans CHN-1 

and UFD-2b recombinant proteins and the extent of ubiquitylation was evaluated in a 

western blot. Reactions were done in ubiquitinylation buffer (Enzo), supplemented with 1x 

ATP Regeneration Buffer (Enzo) and 50 µM ubiquitin (Flag-tagged, Boston Biochem). 

Ubiquitin activating enzyme E1 (His-tagged, Enzo) was used at a concentration of 0.1 µM. 

Enzyme E2 (LET-70-6xHIS), VSV-CHN-1-6xHIS and UFD-2b-6xHIS were purified in-

house via HIS-binding to HisTrap FF columns on an ÄKTApurifier (GE Healthcare) or to 



Ni-NTA agarose (QIAGEN). E2, E3 and substrate proteins were used at a concentration 

of 0.2 μM. After incubation at 30°C for 2 h, reactions were stopped by addition of 2x SDS-

PAGE sample buffer (125 mM Tris pH 6.8, 4 % SDS, 20 % glycerol, 0.03 % bromophenol 

blue, 0.05 % β-mercaptoethanol) and boiling at 95°C for 5 min. Samples were run on 4-

12% Bis-Tris gels (Invitrogen), transferred to nitrocellulose membranes, probed with 

antibodies for C. elegans UNC-45, UFD-2b (Biogenes) and VSV-tagged CHN-1 (P5D4, 

Roche), and detected using IRDye@ 800CW Goat anti-Mouse IgG secondary antibodies 

(LI-COR Biotechnology) on an Odyssey CLx Imager (LI-COR Biotechnology). 
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