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most common genotype groups in Japanese population. Each of
the three age-matched and biopsy site-matched samples from
¢.1714G>C homozygous group and ¢.1714G>C/c.527A>T
compound heterozygous group was compared. Muscle samples
were taken from biceps brachii and frozen with isopentane
cooled in liquid nitrogen. Serial frozen sections of 10 um were
stained using a set of histochemical methods including
haematoxylin-eosin and modified Gomori trichrome.

Statistical analysis

Statistics were calculated using GraphPad Prism 5 software
(GraphPad Software, La Jolla, California, USA). Between-group
comparison for clinical data was performed using one-way ana-
lysis of variance with Dunnett’s post-test. All values are
expressed as means=SD. We performed two-sided tests with a
p<0.05 level of significance.

RESULTS

Mutation profile

We identified homozygous or compound heterozygous GNE
mutations in all 212 patients (see online supplement 1). In total,
63 different mutations were found including 50 missense muta-
tions, 2 nonsense mutations, 1 insertion, 4 deletions, 5 intronic
mutations and 1 single exon deletion (figure 1). Twenty-five
novel mutations were identified including 17 missense muta-
tions, 4 small deletions, 3 intronic mutations and 1 single exon
deletion (figure 1, see online supplement).

Twenty-one mutations were found to be shared between
two or more unrelated families. The three mutations occurring
most frequently in the Japanese population were ¢.1714G>C
(p-Val572Leu), ¢.527A>T (p.Aspl76Val) and ¢.38G>C
(p.Cys13Ser); these comprised 48.3%, 22.4% and 3.5%,
respectively, of the total number of alleles examined (table 1).

Genotype-phenotype correlations

The mean age of genetic analysis was 41.6=14.1 years (n=212),
and the mean age of symptom onset based on the data available
was 28.4%=10.2 years (n=195). The earliest onset age was 10
and the latest was 61 years old in our cohort. Thirty-six among
154 patients (23.4%) were full-time wheelchair users at the
point of genetic diagnosis with the average age at loss of ambu-
lation being 36.8+11.3 years (n=36). The youngest wheelchair-
bound age was 19, and the oldest ambulant age was 78. To
investigate genotype—phenotype correlations in the major GNE
mutations of Japanese population, we compared the age at
symptom onset and loss of ambulation between the patients
groups carrying either of the two most frequent mutations,
¢.1714G>C and c.527A>T (table 2). As with a previous
report,'® homozygous ¢.1714G>C mutations resulted in earlier

Table 1 Allele frequency for GNE mutations in 212 Japanese GNE
myopathy patients

Allele frequency

Mutation type :
Missense 402 (94.8%)
ansénse' ¢ 3(0.7%)
Insertion 1(0.2%)
Small deletion 4 (0.9%)
Single exon deletion 2 (0.5%)

*Intron ' 12 (2.8%)

Three most common mutations

¢.1765G>C (p.Val572Leu) 205 (48.3%)

c.578A>T (p.Asp176Val) 95 (22.4%)
- €.38G>C (p.Cys13Ser) 15 (3.5%)
Total alleles - 424

symptom onset (23.9+7.1 years, p<0.01) and the majority of
full-time wheelchair users were in this group. On the other
hand, ¢.1714G>C/c.527A>T compound heterozygous patients
first developed symptoms at a later age (37.6%x12.6 years,
p<0.01), and there were no wheelchair-bound patients at the
time of genetic analysis in this group. Only three homozygous
¢.527A>T mutation patients were identified, and their average
onset age (32.3+5.7 years) was also higher among total patients
(28.4%£10.2 years). All three patients were ambulant until the
last follow-up visits (29, 40 and 44 years).

Among 212 cases, 80 patients underwent muscle biopsies.
Opverall pathological findings in our series were compatible with
GNE myopathy. The characteristic rimmed vacuoles were
observed in the majority (76/80, 95.0%) of the cases. Through
the analysis of muscle biopsies from age-matched and biopsy
site-matched samples, we found that the histopathological phe-
notypes were in line with these genotype—phenotype correla-
tions (figure 2). Homozygous ¢.1714G>C mutations have led
to much more advanced pathological changes with severe myofi-
bre atrophy and increased numbers of rimmed vacuoles.
Marked adipose tissue replacement was appreciated in a case
with reflecting very advanced stage of muscle degeneration.

DISCUSSION

As shown in figure 1, mutations were located throughout the
whole open reading frame of the GNE gene. The majority
(94.8%, 402/424 alleles) of the mutations in our series were
missense mutations (table 1), and there were no homozygous
null mutations. These results are in accordance with previous
reports’ ° signifying that total loss of GNE function might be
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Figure 1

Mutation spectrum of GNE in the Japanese population. The mutations are located throughout the whole open reading frame. Twenty-five

novel mutations are underlined, and 21 shared mutations are indicated with asterisks.
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Table 2 = Comparison of clinical course between two most frequent GNE mutations in Japanese population

Mutations Age at exam (years) Age at onset (years) Age at WB (years) Ambulant
¢.1714G>C/c.1714G>C 38.6+13.4 (n=71) 23.9+7.1 (n=65)** 35.4+10.6 (n=28) n=22
¢.1714G>Clother 32.3+13.2 (n=25) 21.9+6.8 (n=22)* 37.0+8.6 (n=4) n=16
¢.1714G>Clc.527A>T 48.9x14.1 (n=38) 37.6+12.6 (n=35)** ' (n=0) n=29
¢.527A>T/c.527A>T 37.7+7.7 (n=3) 32.3+5.7 (n=3) (n=0) n=3
¢.527A>T/other 41.3x11.1 (n=51) 30.6+8.0 (n=46) (n=2) n=33
other/other 49.8+14.7 (n=24) 28.8+9.5 (n=24) (n=2) n=16
Total 41.6x14.1 (n=212) 28.4+10.2 (n=195) 36.8+11.3 (n=36) n=118

Dunnett’s multiple comparison test (control: total patients) *p<0.05, **p<0.01.
Other: a mutation other than ¢.1714G>C and ¢.527A>T; WB, wheelchair-bound.

lethal in human beings. The embryonic lethality of null muta-
tion in GNE had also been proved in the mouse model.™* Only
three of total 212 patients carried a nonsense mutation; clinical
data were available for two of them. Interestingly, one patient
with compound heterozygous ¢.22C>T (p.Arg8X)/c.1714G>C
(p.Val572Leu) mutations developed his first symptoms at the
age of 15, while the other patient with ¢.1258C>T (p.
Arg420X)/c.527A>T (p.Asp176Val) mutations developed her
symptoms much later, at the age of 45. The similar difference
was also observed in the phenotypes of patients with frame-shift
mutations. A patient carrying c¢.383insT (p.I128fs) and
c.1714G>C (p.Val572Leu) mutations developed his first
symptom at the age of 13, whereas another two patients
with ¢.1541-4del4 (p.ValS14£s)/c.527A>T (p.Aspl76Val) and

¢.1714G>C/c.1714G>C

s

c.581delA (p.N194fs)/c.527A>T (p.Aspl76Val) mutations had
later symptom onset, at the age of 30 and 32 years, respectively.
This clinical variation can be explained as it reflects alternative
missense mutations, because the two patients with very early
onset shared the same missense mutation ¢.1714G>C, while
the patients with the milder phenotype shared ¢.527A>T.

Among five intronic mutations identified in our series, ¢.617
—4A>G and c.769 + 4A>G were previously reported as
pathological mutations.” '* Three novel variants were located at
splice junction of exon 6 (c.983-1delG), exon 8 (c.1411
+5G>A) and exon 9 (c.1505—4G>A), raising the high possibil-
ity of relevant exons skipping. These variants were not detected
in 200 alleles from normal Japanese individuals and also in the
single nucleotide polymorphism (SNP) database.

¢.1714G>C/c.527A>T

Figure 2 Comparison of muscle pathology between patients with homozygous ¢.1714G>C (p.Val572Leu) and with compound heterozygous
¢.1714G>C (p.val572Leu)/c.527A>T (p.Asp176Val) mutations. Homozygous ¢.1714G>C (p.Val572Leu) mutations have led to much more advanced
histopathological changes compared with compound heterozygous ¢.1714G>C (p.Val572Leu)/c.527A>T (p.Asp176Val) mutations.
Haematoxylin-eosin (left) and modified Gomori trichrome (right) stains of muscle sections from age (c.1714G>C/c.1714G>C: 28, 31 and 39 years,
¢.1714G>C/c.527A>T: 27, 33 and 42 years) and biopsy site (biceps brachii muscles) matched samples. Bar=100um; triangles: rimmed vacuoles;

arrows: atrophic fibres; asterisks: adipose tissue.
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As there are ethnic differences in GNE mutation frequen-
cies,” 1717 establishing the mutation spectrum and defining pre-
dominant mutations in a certain population may be helpful for
the diagnosis. Three most common mutations in the Japanese
population and their allele frequencies (table 1) were in agree-
ment with previous data.” ** The allele frequencies of top two
mutations (c.1714G>C and ¢.527A>T) comprise more than
two-third of the total number of alleles suggesting that founder
effects are involved in the relatively higher incidence of GNE
myopathy in Japan.

Although most of patients showed characteristic pathological
features, the existence of exceptional cases with atypical biopsy
findings implies that GNE myopathy cannot be totally excluded
from the absence of rimmed vacuoles in muscle biopsies. On
the other hand, we found 94 patients who were pathologically
or clinically suspected but not had mutations in GNE. Several
cases of VCP myopathy mutations in (VCP), myofibrillar myop-
athy mutations in (DES) and reducing body myopathy (FHLI)
were later identified in this group, suggesting these diseases
should be included as differential diagnosis of GNE
myopathy.2°

In terms of genotype—phenotype correlations, we confirmed
that homozygosity for ¢.1714G>C (p.Val§72Leu) mutation
resulted in more severe phenotypes in clinical and histopatho-
logical aspects. In contrast, the second most common mutation,
c.527A>T (p.Asp176Val), seems to be a mild mutation as the
onset of the disease is much later in the compound heterozy-
gotes with this mutation and ¢.1714G>C. Several evidences
further strengthened the link between the more severe pheno-
type and ¢.1714G>C, and between the milder phenotype and
c.527A>T. Compound heterozygosity for ¢.1714G>C and
non-c.527A>T mutations resulted in earlier symptom onset
(22.9+6.8 years, p<0.05) compared with the average onset age
of the total group, whereas ¢.527A>T, both presented as homo-
zygous and as compound heterozygous mutations, lead to
slower disease progression (table 2). In addition, only three
patients carrying this second most common mutation ¢.527A>T
in homozygous mode were identified, which is much fewer than
the number expected from high allele frequency (22.4%),
raising a possibility that considerable number of c¢.527A>T
homozygotes may not even develop a disease. In fact, we ever
identified an asymptomatic ¢.527A>T homozygote at age
60 years.” Now he is at age 71 years and still healthy. Overall,
these results indicate that different mutations lead to different
spectra of severity. However, this is a result of a statistical
summary that cannot predict clinical course of each individual
patient.

Here, we presented the molecular bases of 212 Japanese
GNE myopathy patients with 25 novel GNE mutations. Based
on the current status of knowledge, sialic acid supplementation
may lead to considerable changes in the natural course of GNE
myopathy within near future. The ongoing identification of
GNE mutations and further studies regarding the clinicopatho-
logical features of each mutation will provide better understand-
ing of GNE myopathy and lead to accelerated development of
treatment for this disease.
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to Myofibrillar Disruption in Nemaline Myopathy
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Nemaline myopathy (NM) is a rare congenital muscle disorder primarily affecting skeletal muscles that results in neonatal death in
severe cases as a result of associated respiratory insufficiency. NM is thought to be a disease of sarcomeric thin filaments as six of eight
known genes whose mutation can cause NM encode components of that structure, however, recent discoveries of mutations in non-thin
filament genes has called this model in question. We performed whole-exome sequencing and have identified recessive small deletions
and missense changes in the Kelch-like family member 41 gene (KLHL41) in four individuals from unrelated NM families. Sanger
sequencing of 116 unrelated individuals with NM identified compound heterozygous changes in KLHL41 in a fifth family. Mutations
in KLHL41 showed a clear phenotype-genotype correlation: Frameshift mutations resulted in severe phenotypes with neonatal death,
whereas missense changes resulted in impaired motor function with survival into late childhood and/or early adulthood. Functional
studies in zebrafish showed that loss of Klhl41 results in highly diminished motor function and myofibrillar disorganization, with
nemaline body formation, the pathological hallmark of NM. These studies expand the genetic heterogeneity of NM and implicate a
critical role of BIB-Kelch family members in maintenance of sarcomeric integrity in NM.

Nemaline myopathy (NM) is a rare congenital disorder
primarily affecting skeletal muscle function. Clinically,
NM is a heterogeneous group of myopathies of variable
severity."* The “severe” congenital form of NM presents
with reduced or absent spontaneous movements in utero
leading to severe contractures or fractures at birth and
respiratory insufficiency leading to early mortality. Indi-
viduals with the “intermediate” congenital form of NM
have antigravity movement and independent respiration
at delivery but exhibit delayed motor milestones and
require ventilatory support later in life. The “typical”
congenital form of NM usually presents in the neonatal
period or first year of life with hypotonia, weakness, and
feeding difficulties with less prominent respiratory
involvement. In these cases, the disease is usually static

or very slowly progressive, and many individuals remain
ambulant for much of their lives.® The defining diagnostic
feature of all forms of NM, irrespective of genetic mutation,
is the presence of numerous red-staining rods with Gomori
trichrome stain that appear as rod-shaped electron-dense
structures termed “nemaline bodies” by electron micro-
scopy.? These nemaline bodies are most frequently cyto-
plasmic; however, the presence of intranuclear rods has
also been reported.”

NM is a genetically heterogeneous condition, and
mutations in eight different genes have been identified
that are associated with dominant and/or recessive forms
of this disease.”' Mutations in these genes cause
about 75%-80% of NM cases, suggesting the involvement
of additional unidentified genes in disease etiology.
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Therefore, we performed whole-exome sequencing (WES)
combined, when applicable, with autozygome analysis to
identify mutations in novel genes that underlie the disease
pathology in a cohort of individuals affected with NM
with unknown genetic diagnosis. All subjects were
enrolled following informed consent and research was
conducted according to the protocols approved by the
Institutional Review Boards of the respective institutions
in which these individuals were recruited. Molecular
screening was performed on genomic DNA isolated from
blood samples following standard protocols.

We performed whole-exome or whole-genome
sequencing on a cohort of 60 unrelated NM probands
through Boston Children’s Hospital Gene Partnership
facility. Molecular screening was performed on genomic
DNA isolated from blood samples with standard protocols.
Whole-blood DNA was subjected to solution capture
(SureSelect Human All Exon V4, Agilent Technologies)
to generate barcoded whole-exome sequencing libraries.
Libraries were sequenced on an Illumina HiSeq 2000,
employing paired end reads (100 bp X 2) to a mean
target coverage of 96.5% and a mean read depth of 71.6.
Alignment, variant calling, and annotation were per-
formed with a custom informatics pipeline employing
BWA," Picard, and ANNOVAR'® focusing on rare (<3%
in db SNP13S5, 1000 Genomes Project Database, and the
[EVS] National Heart, Lung, and Blood Institute Exome
Sequencing Project Exome Variant Server) protein
affecting changes in known and novel human disease
genes. Alternatively, probands for families 203 and 832
were sequenced to greater than 50x depth by Axeq
Technologies on an Illumina HiSeq 2000 following Agilent
SureSelect Exome enrichment with their standard Exome
Sequencing service. Whole-exome sequencing identified
homozygous mutations of KLHL41 in two unrelated
families, suggesting this gene to be a candidate for NM.
All KLHL41 mutations are numbered relative to the
mRNA sequence NM_006063.2 (where position 1 is the
first base of the initiating MET codon) and protein
NP_006054.2. Family 1 is a nonconsanguineous family of
Vietnamese origin. Proband 203-1 is a 16-year-old female
with an intermediate form of NM with a high-arched
palate, dysarthria, and scoliosis who has required
ventilatory support since childhood. WES identified an

apparently homozygous ¢.103T>C transition in exon 1

resulting in a p.Cys35Arg substitution in this individual
(Figure 1A). This variant was present as heterozygous in
the father and absent in the mother. Copy number analysis
in the affected region showed a heterozygous deletion
in the mother and the proband, c.(?_-77)_(*602_?)del.
Therefore, individual 203-1 is compound heterozygous
for a deletion involving a portion of KLHL41 and a
KLHL41 p.Cys35Arg missense change. The second pro-
band (832-1), who is adopted of Russian origin, is ambu-
lant at age 12 and exhibits the typical congenital form of
NM. WES identified a homozygous deletion of one base
and an insertion of four bases ¢.459delinsACTC in the

proband resulting in a single amino acid insertion,
p.Ser153_Alal54insLeu in the protein (Figure 1A).

Whole-exome sequencing in probands with severe
NM in Australian and Saudi Arabian cohorts resulted in
identification of KLHL41 mutations in two further fam-
ilies. The first (6462) is a consanguineous family of Persian
origin from Afghanistan with one child (D12-203) affected
with severe NM and four unaffected children (see Figure S1
available online). Homozygosity mapping was performed
on the proband with the Illumina HumanCytoSNP-12
array, and the only known NM loci found within homo-
zygous regions were CFLZ (MIM 601443) and NEB
(MIM 161650); however, both were excluded following
Sanger sequencing, as was ACTAI (MIM 102610), which
is the most common cause of simplex NM cases. WES of
DNA from proband D12-203 was performed at the Lotter-
ywest Sate Biomedical Facility Genomics Node, Royal
Perth Hospital, Western Australia.'” WES identified 453
heterozygous or homozygous variants. Application of the
homozygosity data to the list of candidates reduced this
to seven candidate variants. Two of these seven candidate
variants were in skeletal-muscle-specific genes and of
these the most likely candidate was a homozygous
deletion within KLHL41 (chr2: 170382132-170382139;
€.1748_1755delAAGGAAAT, p.Lys583Thrfs*7) (Figure 1A).
The deletion was confirmed by Sanger sequencing. Both
parents and two unaffected siblings were heterozygous
for the deletion, and two further unaffected siblings were
homozygous for the normal allele.

Family 12DG1177, from a Saudi Arabian cohort is con-
sanguineous (Figure S1). The male proband (12DG1177-
1) was a newborn with severe hypotonia, dislocation of
hips and knees, and facial dysmorphism in the form of
micrognathia and cleft palate. There was a positive family
history of two previous sibs who died of unknown causes
soon after birth, as well as three healthy living sibs. The
proband died of cardiorespiratory arrest shortly after
intubation at less than 24 hr of age. Exome capture was
performed with TruSeq Exome Enrichment kit (Illumina)
as described earlier.'® Only novel coding and splicing
homozygous variants within the autozygome of the
affected individual were considered. After filtering, 8,653
homozygous, coding, or splice variants were present,
and autozygosity mapping, dbSNP, and analysis of 240

‘control Saudi exomes finally led to the identification’ of

18 candidate variants. The only truncating change was a
single base deletion in KLHL41 (c.641delA). This deletion
was present in the coding region of exon 1 of KLHL41
resulting in the frameshift change p.Asn214Thrfs*14
(Figure 1A).

Subsequent screening for KLHL41 mutations in 116
individuals affected with severe, intermediate, or typical
congenital forms of NM in the Boston and Australian
NM Cohorts by Sanger sequencing identified a further
family (D10-236) with compound heterozygous muta-
tion (c.581_583delAAG, p.Glul94del and ¢.1238C>T,
p.Ser413Leu) in proband. This individual is of Chinese
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Figure 1. Overview of Mutations in KLHL41 and Their Effect on Protein Structure

(A) Schematic representation of mutations in KLHL41. Boxes represent exons 1-6. Conserved domains of KLHL41 are indicated as
follows: BTB (blue), BACK (red), and Kelch repeats (green). The BTB and BACK domains are encoded by exon 1 and the five Kelch repeats
are encoded by exons 1-6.

(B and C) Crystal structures of the BTB-BACK domain of human Kelch-like protein (KLHL11) in complex with CUL3 (Protein Data Bank
code 4AP2) (B) and the Kelch domain of rat KLHL41 (PDB code 2WOZ) (C). « helices, B strands, and loops are drawn as ribbons, arrows,
and threads, respectively. The squared areas correspond to the close-up views in the insets. In (B), the BTB and BACK domains are colored
pink and green, respectively, whereas CUL3 is colored yellow, except that 11e96, Ala224, and Glu264 (Cys35, Alal54, and Glu194 in
human KLHL41, respectively) are colored red. The side chains of these residues and Glu263 (Glu193 in human KLHL41) are shown
as sticks with the indications of amino acid numbers for human KLHL11 and those for human KLHL41 in parentheses. Side chains
involved in hydrophobic cores around 11e96 and Ala224 are drawn in van der Waal’s representation. In (C), the Kelch domain is
color-coded to indicate each Kelch repeat, except that Ser413 is colored red. The side chain of Ser413 is shown as sticks. Molecular
structures are drawn with PyMOL.

(D) Predicted free energy changes upon the substitutions of KLHL41 with FoldX software:

rods that varied from numerous small rods to fewer
large rods in multiple myofibers (Figure 2A). No intranu-

origin and exhibited the typical congenital form of NM.
The detailed clinical features of affected individuals with

mutations identified in KLHL41 are presented in Table 1.
Overall, WES and Sanger sequencing resulted in identifi-
cation of seven different mutations in Kelch-like family
member 41 (KLHL41), previously known as KBTBDI0,
sarcosin, or KRP1, in affected NM individuals from five
unrelated families (Figure 1A). Muscle histology was
typical for NM: biopsies from probands of three different
families (D12-203, 832-1, and 10-236) exhibited abnormal
Gomori trichrome staining with presence of sarcoplasmic

clear rods or cores were seen. The missense changes
identified in KLHL41 are predicted to be pathogenic by
polyphen, SIFT and pMUT and the mutated amino-acid
residues are conserved in all representative species during
evolution (Figure S2). The neighboring areas surrounding
the sites of insertion or deletion are also relatively
conserved, suggesting a structural or functional require-
ment for the altered amino acid residues (Figure S2).
Sequencing of family members revealed that KLHL41
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mutations showed a segregation pattern compatible with
a recessive mode of inheritance in all families (Figure S1).
Severe phenotypes associated with genetic null mutations
and intermediate or typical congenital forms with muta-
tions that should results in presence of residual protein,
suggests a phenotype-genotype correlation in individuals
affected with KLHL41 mutations.

KLHL41 belongs to the family of BTB-Kelch domain-
containing proteins.'”~*° Mutations in two other members
of this family, KBTBD13 (MIM 613727), and most recently
KLHL40 (MIM 615430), have been associated with a
clinically distinct form of congenital myopathy exhibiting
nemaline bodies, as well as multiminicores and severe NM,
respectively.'>'* To evaluate the impacts of the KLHL41
mutations on the protein structure, we mapped them
onto the crystal structures of the BTB-BACK domain of
human KLHL11 in complex with human CUL3, a subunit
of E3 ubiquitin ligases, (PDB code 4AP2)*' and the Kelch
domain of rat KLHL41 (PDB code 2W0Z),** analogous to
those domains of human KLHL41. The Cys3S$ side chain
is involved in a hydrophobic core of the BTB domain,
which makes van der Waals contacts with PheS4 of
Cul3 (Figure 1B). The p.Cys35Arg substitution present
in affected individual 203-1 would likely destabilize the
hydrophobic core and thereby impair the interaction
with Cul3. This was supported by the FoldX result, in
which free energy change upon the p.Cys35Arg substitu-
tion was predicted to be over 4 kcal/mol, which can be
interpreted as considerable destabilization of a protein
structure (Figure 1D; Figure $3).* In proband 832-1, a
Leu residue is inserted between the amino acid positions
153 and 154 in the center of a helix, in which several res-
idues are involved in a hydrophobic core of the BACK
domain (Figure 1B). This amino acid insertion is likely to
destabilize the BACK domain fold. In proband D10-236,
the p.Ser413Leu substitution was mapped to a loop region,
which is located near the substrate-binding region of
the Kelch repeat 2 (Figure 1C; Figure S1B). A FoldX
calculation predicted that the p.Ser413Leu substitution
would have minimal effect on stability of the Kelch
domain (Figure 1D). The effect of Glu194 deletion at the
N-terminal end of an o helix can be compensated by
the presence of Glul93 located in the loop (Figure 1B).
Nonetheless, it cannot be excluded that the p.Ser413Leu
and p.Glul94del changes alter the protein solubility
or aggregate tendency and/or impair substrate binding.
The conserved nature of the mutated KLHL41 domains,
as well as the potential role of the mutations in disrupting
those structural domains, supports the likely pathogenicity
of these mutations.

The localization of KLHL41 in skeletal muscles was
investigated by immunofluorescence of mouse FDB
cultured myofibers and human skeletal muscle cryosec-
tions. Immunofluorescence with two different antibodies
against N-terminal (Sigma, AV38732) and C-terminal parts
of human KLHL41 (Abcam, ab66605) was performed, and
z stacks were acquired by confocal microscopy as described
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cleft palate, micrognathia,

Arthrogryposis, macrocephaly,
narrow chest

hypospadias No antigravity

Distal weakness > proximal
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distal contractures
focal renal echogenicity
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Associated Features
High-arched palate,
VSD, finger contractures,

Alive at Age/Mobility/

Pregnancy and Delivery Age at Death
16 yrs, uses wheelchair

(ambulant 24-36 mo)
12 yrs, ambulant

§ yrs, ambulant
(active support

Cesarean section - h 3142  discontinued)
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Fetal movements weak,
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Nationality
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F
M
M
M
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sequence
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akinesia sequence
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Amino Acid Change
p-Cys35Arg
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p.Glul94del
Heterozygous
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Clinical Manifestations in Affected Individuals Harboring KLHL41 Mutations
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Tablel.
Proband ID
203-1
832-1
D10-236
D12-203
12DG1177
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Figure 2. Muscle Pathology and Expression of KLHL41 Levels and Localization in Muscle of Affected Individuals

(A) Light microscopy of Gomori trichrome stained skeletal muscle from affected individuals with KLHL41 mutations show cytoplasmic
nemaline bodies (top panel). Electron microscopy of affected muscles reveals rods of variable frequency and size and severe myofibrillar
disarray (bottom panels). (Scale bars represent 2 um). Affected individuals’ IDs are indicated at top.

(B) Immunoblotting analysis of KLHL41 levels in affected and unaffected muscles. A decrease in protein levels was observed in individ-
uals with KLHL41 mutations in comparison to normal control muscles. Immunoblotting with sarcomeric actin or Coomassie staining of
myosin heavy chain showed no abnormal accumulation of sarcomeric proteins in affected muscles. Immunostaining for GAPDH was
used for loading controls. Lanes: F:23, 23 week control fetus; F:30, 31 week control fetus; 6-month-old control baby, C1-C5 are normal
age-matched control muscles.

(C) Immunofluorescence for KLHL41 in control and affected individual muscle biopsies showed highly reduced levels of KLHL41 in
longitudinally oriented (left) or transverse sections (right) of skeletal muscles from affected individuals. Scale bars represent 50 um.
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Figure 3. Characterization and Knockdown of Zebrafish Orthologs of KLHL41

(A) In situ hybridization of the zebrafish Klhl41 genes shows early expression during myogenesis in developing somites (11 hr after
fertilization). Klhi41a is expressed in brain, eyes, and muscle at 1 dpf. Later in development expression is largely restricted to brain
and heart (2 dpf), although low levels of expression in axial slow skeletal myofibers cannot be excluded due to limited sensitivity of
the assay. KIhl41b expression is localized to skeletal muscle and heart at all developmental stages (1-2 dpf).

(B) Knockdown of Klhi41 genes in zebrafish using antisense morpholinos results in myopathic changes. Live microscopy of zebrafish
embryos at 3 dpf reveals leaner and smaller bodies in comparison to wild-type (WT) fish. Under polarized microscopy, zebrafish embryos

(legend continued on next page)
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previously.** Immunofluorescence with both antibodies
resulted in similar staining patterns; however, due to lower
background staining, the C-terminal antibody was used
for further studies. Costaining with sarcomeric markers
in longitudinal planes showed that KLHIL41 staining
predominated over the I-bands of the sarcomere and at
perinuclear regions in human biopsies (Figure 2C) and
murine cultured myofibers (Figure $4). Analysis of trans-
verse sections of myofibers from control human biopsies
revealed KLHL41 staining in a ring pattern around the
myofibrils, generally colocalizing with ryanodine receptors
(RYR1), which are a marker of the sarcoplasmic reticulum
(Figure §5). Together, these observations suggest that
KLHL41 localizes over (but not within) I bands, likely in
association with the terminal cisternae of the sarcomplas-
mic reticulum (SR) and longitudinal vesicles of the SR
present in the I-band area at the triadic regions (Figure $4).
Colocalization studies with the ER marker protein disulfide
isomerase (PDI) in myofibers and skeletal muscles further
confirmed the localization of KLHL41 in SR-ER membranes
(Figures 54). This overall localization pattern is most
consistent with localization to the endoplasmic reticulum
(ER) around myonuclei and to microdomains of the SR
with ER characteristics.”® Previous studies suggested that
the closely related NM protein, KLHL40, localized at A-
bands,'? but double label immunofluorescence studies of
both longitudinal and transverse sections here reveal that
it appears colocalized with RYR1, around but not within
the myofibrils in cultured myofibers and human skeletal
muscles in a pattern overlapping, but not identical to,
that of KLHL41 (Figures S4 and S5). These associations of
proteins whose defects cause NM with the ER/SR contrasts
with previously known NM proteins, all of which are
sarcomeric thin filament components, with the exception
of KBTBD13 whose localization is not well known.

In mouse tissues, immunoblotting detected KLHL41
in skeletal muscle and diaphragm (Figure $6). In cultured
murine C2C12 cells, KLHL41 levels increased during
differentiation to myotubes (Figure $6). Immunoblotting
of affected skeletal muscle extracts revealed greatly reduced
levels of KLHL41 in individuals with KLHL41 mutations
(Figure 2B) and immunofluorescence microscopy of
affected individuals’ skeletal muscles also showed that
KLHLA41 levels were greatly reduced in their myofibers
(Figure 2C).

Cell culture studies have shown that KLHL41 interacts
with nebulin, N-RAP (Nebulin-related anchoring protein),

and actin in skeletal muscle and promotes the assembly
of myofibrils.”® KLHL41 regulates skeletal muscle dif-
ferentiation as overexpression or knockdown inhibited
C2C12 myoblast differentiation.”” Knockdown of KIhl41
in cultured cardiomyocytes resulted in sarcomeric dis-
organization with thickening of Z-lines as seen in NM.*®
However, the exact functions of KLHL41 in disease
pathology are unknown. Recent studies have identified
mutations in two other closely related family members
KBTBD13 and KLHL40 as causes of NM suggesting the
crucial requirement for several Kelch family proteins in
skeletal muscle function.'*** To investigate the functional
role of KLHL41 in vertebrate skeletal muscle development,
we employed zebrafish as a model system. Zebrafish have
two duplicated orthologs (klhi41a and klhi41b) that share
~80% similarity with KLHL41. Zebrafish whole-mount
in situ hybridization was performed to study the spatio-
temporal expression of these genes during zebrafish
development as described previously.”” Specifically, RNA
probes specific for each Klhl41 gene were generated
by amplification of the 3' UTRs from a cDNA library of
2 day postfertilization (dpf) zebrafish embryos, followed
by in vitro transcription to generate digoxigenin-labeled
antisense transcripts (primer sequences are provided in
Table $1). Whole-mount in situ hybridization showed
ubiquitous expression of kIhl41a during early development
at 1 dpf, but by 2 dpf, klhl41a transcripts were virtually
undetectable in the major axial skeletal muscles. In
contract, klhl41b expression was predominantly seen in
striated muscles, and strong expression in heart and
skeletal muscles was observed throughout zebrafish devel-
opment to at least 5 dpf (Figure 3A).

The effect of KLHL41 deficiency in zebrafish was studied
by knocking down the Klhl41 genes with antisense
morpholinos. Two independent morpholinos targeting
an exon-intron spice site and translational start site were
designed for both genes (morpholino sequences are
provided in Table $2). As initial experiments with both
morpholinos for each transcript resulted in similar pheno-
types, we performed the remainder of our studies with
the splice-site morpholinos (7 ng). klhl41a morphants
exhibited leaner bodies, smaller eyes, and pericardial
edema as seen in other myopathy models (n = 65-110)
(Figure 3B).*"*! Examination of 3 dpf morphants with
polarized light showed reduced birefringence in axial
skeletal muscles suggesting disorganized skeletal muscle
structure (Figure 3B; Figure S7). Knockdown of klhl41b

exhibit a reduction in birefringence in morphant fish, quantified in ImageJ as described (WT controls: 100% + 5.9% klhi41a: 23% +
3.0%; kihl41b: 31% = 8.2%; kilhl41ab: 16% = 4.2%). Double knockdown fish show a more severe skeletal muscle phenotype than

single morphants.

(C) RT-PCR analysis showed knockdown of normal transcripts in the morphant fish.
(D) Immunoblot analysis showed reduction in Kihl41 levels in kihi41a, klhi41b, and kihi4lab fish. Klhl41 antibody recognizes
both kihl41la and klhl41b and therefore show immunoreactibility to the other gene in the single morphants that is highly reduced

in double morphants.

(E) Overexpression of human KLHL41 mRNA restores the skeletal muscle phenotypes of kihi4la/b single and double morphants
suggesting morpholino specificity. The mRNA concentration used to rescue were as follows: klhl41a (50 pg), klhl41b (75 pg), kihi41a+b

(60 pg of each)
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Wild-type -

kihidla

resulted in reduced birefringence without any other signif-
icant abnormalities (n = 82-132). Targeting both klhl41a
and klhi41b (7 ng each) resulted in curved bodies with a
30% reduction in size along with small eyes and pericardial
edema (n = 89-103), compared to fish injected with con-
trol morpholino (14ng). klhi41a morphant fish die by 3
dpf while kihl41b morphants typically did not survive
past 5 dpf. Knockdown of both genes was lethal by 3 dpf.
Double knockdown fish exhibited severely disorganized
muscle (measured by reduced birefringence) compared to
controls and either of the single knockdowns. RT-PCR
and immunoblotting confirmed the knockdown of
kihl41a and klhl41b transcripts and a reduction in protein
levels (Figures 3C and 3D). Overexpression of human
KLHL41 mRNA in the double morphants resulted in a
significant increase in the number of surviving fish
with normal birefringence suggesting the specificity of
morpholino injections and demonstrating the ability of

Figure 4. Loss of klhl41 Function in
Zebrafish Recapitulates the Disease Pa-
thology of Human Nemaline Myopathies
(A) Whole-mount staining of 3 dpf zebra-
fish embryos with phalloidin showed
extensive myofibrillar disarray of myo-
fibers in klhi41 morphant fish (scale bar
represents 2 um). Three dpf embryos
fixed in 4% paraformaldehyde were
incubated with phalloidin (Invitrogen,
A12380, 1:40) overnight at 4°C. Skeletal
muscles of klhl41-deficient embryos were
smaller and exhibited an overall reduction
of myofibrillar organization (inset, high
magnification).

(B) Electron microscopy of klhl41-deficient
skeletal muscle revealed thickened Z-lines
in klhi4la or kihi41b morphants. In
addition, skeletal muscle of double
knockdown fish contained electron dense
bodies, reminiscent of nascent nemaline
rods (arrowhead, nemaline bodies like
structures; arrow, thickened Z-lines) (scale
bar represents 1 pm).

this single evolutionary ortholog
to complement both zebrafish genes
(Figure 3E). Behavioral characteriza-
tion of 3 dpf morphant fish, knocked
down for either or both Klhl41 genes,
using the touch-evoked response assay
showed significantly  diminished
motility in comparison to control
fish (WT fish: 5.74 = 0.98 cm/0.1 s;
klhl41a:1.32 % 0.61 cm/0.1s; klhl41b:
2.00 + 0.49cm/0.1s; klhld1ab:0.73 =
0.39cm/0.15), suggesting a significant
degree of overall muscle weakness
(Movies S1, $2, $3, and 54).°* To
visualize abnormalities in sarcomeric
architecture, whole-mount staining
of morphant fish and control zebrafish
embryos was performed with phalloidin to stain the
actin-thin filaments. Although well-organized myofibrillar
striations (i.e., sarcomeres) were observed, the myofibrils
in kihi41 morphants tended to be thinner and were
highly disorganized relative to control fish (Figure 4A).
The myofibrilar disorganization in klhI41 morphants was
also evident by evaluation of ultrathin toluidine blue
sections of control and morphant fish (Figure S7). The
main diagnostic feature of NM is the presence of nemaline
rods with or without Z-line streaming in skeletal muscle.
Ultrastructural examination of zebrafish skeletal muscle
by electron microscopy showed Z-line thickening in
both klhi41a and kiIhl41b morphant fish (Figure 4B). Knock-
down of both klhla and kIhi41b resulted in the presence
of numerous electron-dense structures, reminiscent of
small or nascent nemaline bodies, in addition to Z-line
thickening (Figure 4B). Given the differences in temporal
expression of klhl4la (early embryogenesis) and kihi41b
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(maintained later in development), and the high degree of
structural and functional conservation (both are rescued
by the single human transcript), it is likely that increased
severity of klhl41a morphants is due to this being the pre-
dominant embryonic isoform at the early stages targeted
by morpholino injections.

Extensive skeletal muscle disorganization associated
with sarcomeric abnormalities in morphant fish points
toward a function of KLHL41 in skeletal muscle develop-
ment and maintenance. Mutations affecting the closely
related BTB-Kelch family member KLHL40 have recently
also been reported to cause nemaline myopathy.'* While
KLHL40 mutations resulted in a severe clinical presen-
tation in most of the affected individuals, KLHL41 abnor-
malities are associated with a spectrum of phenotypes
from severe with neonatal death, to survival into late
childhood. However, no significant differences were seen
in skeletal muscle pathology. KLHL40 contains a putative
nuclear localization sequence (NLS) and is expressed
throughout muscle differentiation, whereas KLHL41 lacks
NLS and is expressed in late differentiation (Figure $8)."*
KLHL41 and many other BTB domain-containing Kelch
family members are known to interact with Cul3 ubiquitin
ligase to form functional ubiquitination complexes with
proteins targeted for degradation.*’* KLHL41, which
has been shown to interact with nebulin,** is now the
third BTB-Kelch family member to be identified as a cause
of NM when mutated. We hypothesize that improper
surveillance and degradation of aberrant thin-filament
proteins might explain the convergent pathological and
clinical phenotypes associated with mutations of thin
filament and BTB-Kelch family member genes in NM.

Supplemental Data

Supplemental Data include eight figures, two tables, and four
movies and can be found with this article online at http://www.
cell.com/AJHG/home.
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Biopsies

(A) Modified Gomori trichrome (upper)
and electron microscopy (lower) of muscle
biopsies from affected individuals of fam-
ilies 15 (right) and 20 (left). Abnormal vari-
ation in fiber size, together with many
small myofibers and sometimes increased
connective tissue, and the presence of
numerous red- or purple-stained nemaline
bodies (arrows) can be seen (upper panels).
Numerous nemaline bodies with varying
sizes and shapes and a lack of normal myo-
fibrils are visible by electron microscopy
(arrows). Scale bars represent 20 pm for
modified Gomori trichrome and 1 pm for
electron microscopy.

(B) Pedigrees for the families in which
exome sequencing and analysis were per-
formed on the probands. Asterisks indicate
the individuals whose DNA was analyzed
by exome sequencing. Segregation of the
mutations identified in each pedigree is
shown.
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Introduction

Nemaline myopathy (NEM) is a common form of nondy-
strophic congenital myopathy and is defined clinically
by skeletal-muscle dysfunction and pathologically by the
presence of nemaline bodies within myofibers."? Typical
clinical symptoms include hypotonia, muscle weakness
of proximal dominance, respiratory insufficiency, and
feeding problems. Congenital onset is usual, but a wide
variation in age of onset and disease severity is recognized.
Mutations in seven genes are known to cause NEM
(NEM1-NEM7).}? Six of these encode sarcomere-thin-
filament proteins or associated proteins: ACTAI (MIM
102610),> CFL2 (MIM 601443),* NEB (MIM 161650),°
TNNT1 (MIM 191041),° TPM2 (MIM 190990),” and
TPM3 (MIM 191030);® the seventh, KBTBD13 (kelch-
repeat- and BTB-[POZ]-domain-containing 13 [MIM
613727]))° is involved in the ubiquitin proteasome

Segosve

R A A S A R

Family 31
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1 2

of NEM remain genetically unsolved.

One such subtype, which has long
been recognized,'’'* has apparent
autosomal-recessive inheritance and
is characterized by severe weakness,
in utero presentation of fetal akinesia
or hypokinesia and associated abnor-
malities, and muscle biopsy often
showing numerous small nemaline
bodies, sometimes only visible by
electron microscopy and frequently
with virtually no normal myofibrils
remaining (“miliary NEM” Figure 1A
and Figure S1, available online). We
aimed to identify genetic causes of
these severe NEM cases by using a combination of linkage
analysis, or homozygosity mapping, SNP array, and whole-
exome sequencing (WES) in selected families. We have
identified loss-of-function mutations in KLHL40 as a
frequent cause of severe NEM and have shown through
functional studies that KLHL40 is crucial for myogenesis
and skeletal-muscle maintenance.

Subjects and Methods

Subject Details and Ethics
We recruited 143 genetically unresolved severe-NEM-affected fam-
ilies from large congenital-myopathy cohorts in major centers
around the world (Boston, Helsinki, Perth, and Tokyo). All individ-
uals within the cohorts were diagnosed with NEM on the basis of
muscle-biopsy findings.

Written informed consent was obtained for participation in this
study, which was approved by the Human Research Ethics
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Committee of the University of Western Australia (UWA), the
ethics committee of the Children’s Hospital of the University of
Helsinki, Yokohama City University School of Medicine, and the
Boston Children’s Hospital institutional review board. The UWA
Animal Ethics Committee approved animal studies.

Microscopy
Light microscopy and electron microscopy of biopsies was per-
formed as previously described.’®

Whole-Genome SNP Genotyping, Linkage Analysis,
and WES

Genotyping was performed for families 6 and 18 with the use of
the HumanOmniExpress BeadChip Kit (Illumina) and Infinium
1I Assay Workflow (Illumina) at the Institute for Molecular Medi-
cine Finland (FIMM). Data were analyzed with PLINK v.1.07. Mul-
tiple large homozygous regions were identified, but none included
known myopathy-associated genes. WES was performed on one
healthy and one affected sibling from family 6 and the proband
from family 18 with the SeqCap EZ Human Exome Library v.2.0
exome system (Nimblegen, Roche Diagnostics). Coverage depths
were 31- to 62-fold. Variant quantification was performed with
the FIMM Variant Calling Pipeline v.1.0 and the Integrative Geno-
mics Viewer (IGV, Broad Institute of MIT and Harvard). All known
and heterozygous SNPs were excluded. Healthy siblings’ geno-
types were used for the exclusion of shared homozygous variants.

Five individuals from family 16 were genotyped with the
Human Mapping 10K Xbal 142 2.0 array (Affymetrix) and Gene-
Chip Genotyping Analysis Software (Gtypev4.1). Parametric link-
age analysis was performed with Allegro v.2 with a fully penetrant
autosomal-recessive model. WES was performed on the proband
with the use of the SureSelect Human All Exon 50 Mb Kit (Agilent
Technologies) and sequenced in one lane on a GAllx platform
(Illumina) with 108 bp paired-end reads. Reads were aligned to
the UCSC Genome Browser (GRCh37/hgl9) with Novoalign
(Novocraft Technologies). Mean coverage depth was 59-fold.
Single-nucleotide variants and small indels were identified with
GATK UnifiedGenotyper and filtered according to the Broad
Institute’s Best Practices guidelines v.3. Variants registered in
dbSNP132 were filtered. The filter-passed variants were annotated
with ANNOVAR. Only genes with homozygous variants or more
than two variants located in the candidate linkage regions were
included.

Family 17 was genotyped with the HumanCytoSNP-12
BeadChip (Illumina). MERLIN was used for performing linkage
analysis on a subset of 14,514 SNPs.'* WES was performed for
the proband from family 10 and for both siblings from family
17 as described.’® Coverage depth was 61- to 97-fold. Variants
were called with LifeScope 2.5 (Life Technologies) and filtered
with ANNOVAR'® against ENCODE GENCODE v.11 (October
2011 freeze, GRCh37).)” Two custom variant-filtering steps were
used: (1) one against the 1000 Genomes database (February 2012
release) (variants with a minor allele frequency > 0.5% were
excluded) and (2) one against the dbSNP135 common database.

Family 31 (BOS74) was one in a cohort of 59 NEM-affected fam-
ilies who underwent WES by the Intellectual and Developmental
Disabilities Research Center Core Next-Gen Sequencing Facility
of Boston Children’s Hospital and Harvard Medical School in
collaboration with Axeq Technologies, Complete Genomics, Inte-
grated Genetics (LabCorp), and the Boston Children’s Hospital
Gene Partnership. Exome sequencing was performed with the Illu-

mina HiSeq 2000 platform. Reads were mapped with the Burrows-
Wheeler Aligner (v.0.5.8). SNPs and indels were called with
SAMtools (v.0.1.7). Data analysis and variant calling were per-
formed with the Broad GATK Best Practices for identification of
SNPs and small indels. Annotated variants were filtered against
dbSNP135, the 1000 Genomes Project database (October 2011
edition), and the National Heart, Lung, and Blood Institute
(NHLBI) Exome Sequencing Project Exome Variant Server (EVS).

Sequencing

Bidirectional Sanger sequencing of KLHL40 (RefSeq accession
number NM_152393.2) was performed on biobanked DNA from
additional probands with severe NEM and their family members
in Boston, Helsinki, Perth, Yokohama, and Tokyo. Identified vari-
ants were then screened in all available family members. Primer
sequences and conditions are available upon request. For detec-
tion of the c.1582G>A (p.Glu528Lys) mutation in normal
Japanese controls, high-resolution melting (HRM) analysis with
and without the spike-in method*® was performed on LightCycler
480 System II (Roche Diagnostics). If samples showed any aberrant
melting patterns, Sanger sequencing was performed for confirma-
tion of the mutation.

LOD Scores
Where possible, MERLIN was used for calculating LOD scores for
individual families."*

Expression Analysis on Human cDNAs

TagMan quantitative real-time PCR analyses were performed with
cDNAs of human adult (Human MTCPanel I, #636742, Clontech
Laboratories) and fetal (Human Fetal MTC Panel, #636747,
Clontech Laboratories) tissues.'”” Predesigned TagMan probe
sets for human KLHL40 (KBTBDS5, Hs00328078_m1, Applied
Biosystems) and human B-actin (ACTB, 4326315E, Applied
Biosystems) were used. PCR was performed on a Rotor-Gene Q
(QIAGEN) (conditions are available upon request) and analyzed
with the Rotor-Gene Q Series Software by the 2724t method. Rela-
tive concentrations of cDNA were normalized to concentrations
obtained from the hearts.

Calculations of the Free-Energy Change upon Amino
Acid Substitutions

Molecular structures were drawn with PyMOL. FoldX v.3.0 beta®®
was used through a graphics interface as a plugin for the YASARA
molecular viewer?! Crystal structures of the kelch domain of
human KLHL40 (Protein Data Bank [PDB] code 4ASC) and the
BTB (bric-a-brac, tram-track, broad-complex)-BACK (BTB and
C-terminal kelch) domain of human KHLH11 (PDB code 3I3N)
were energy-minimized with the RepairPDB command imple-
mented in FoldX and subsequently with the BuildModel com-
mand for mutagenesis. Protein stabilities were calculated by the
Stability command, and the free-energy changes were estimated
by subtraction of the free-energy value of the wild-type protein
from those of the altered proteins. The procedure was repeated
three times for each substitution, and the resultant data were pre-
sented as an average value with SDs.

Immunoblotting and Immunohistochemistry

SDS-PAGE and immunoblotting were performed as describe
For protein studies, C2C12 myoblasts and myotubes were grown
and prepared for immunoblotting and immunofluorescence as

4.22.23
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described.?® For KLHL40 immunoblots, the Human Protein Atlas
(HPA) rabbit polyclonal KLHL40 (KBTBDS) antibody from Sigma
was used (HPA024463 [1:2,500 dilution]). Immunostaining of hu-
man and mouse muscle samples was performed as described'**3
with a KLHL40 antibody (KBTBDS; HPA024463 [1:100 dilution]).

Zebrafish Studies

In Situ Hybridization

Digoxigenin probes for klIhl40a and kilhi40b were generated by
cDNA amplification of 1,340 and 694 bp sequences, respectively
(Table S1). In situ hybridizations were performed as described
previously.**

Morpholino Microinjection

Antisense translation-blocking morpholinos (Table S1) for kihi40a
(kIh140a-MO) and kIhi40b (klhi40b-MO and kiIhl40b-MO2) were
coinjected into 1- to 2-cell-stage embryos at a final concentration
of 0.25 or 0.5 mM. Morpholino efficacies were tested by immuno-
blotting for K1h140.

Zebrafish Immunohistochemistry

Immunohistochemistry of zebrafish embryos was performed as
described®*?® with myosin heavy chain (MHC) antibody (F59
[1:20 dilution] or A4.1025 [1:10 dilution]; Developmental Studies
Hybridoma Bank) and «-actinin (1:100 dilution; Sigma) and fila-
min C (1:100 dilution; Sigma) antibodies, and Alexa-Fluor-488-
conjugated phalloidin (1:100 dilution; Molecular Probes) was
used for labeling F-actin. Immunoreactivity was detected with
an Alexa-Fluor-594-conjugated anti-mouse secondary antibody
diluted in blocking buffer (1:200).

Statistical Analyses

Statistical analyses of clinical features were carried out with SPSS
Statistics 19 (IBM) software. Individuals for whom information
for a clinical feature was not available were excluded from the
analysis of that feature. Either Chi-square tests or Fisher’s exact
tests were applied for comparing each phenotypic variable
between different genotypes. p < 0.05 was considered statistically
significant.

Results

WES identified homozygous or compound-heterozygous
mutations in KLHL40 (kelch-like family member 40; also
known as KBTBDS [kelch-repeat- and BTB-(POZ)-domain-
containing 5] and SYRP [sarcosynapsin]) in six NEM-
affected families (families 6, 10, 16-18, and 31; Figure 1B
and Table 1). Subsequent screening of KLHL40 by Sanger
sequencing in additional probands with severe NEM
resulted in the identification of a total of 19 variants
(4 frameshifts, 12 missense mutations, 2 nonsense muta-
tions, and 1 splice site) in 28 (19.6%) apparently unrelated
families (Table 1) from the cohort of 143 families affected
by severe NEM. In addition, 129 probands with milder
NEM were screened, but no KLHL40 mutations were iden-
tified in this cohort, confirming that KLHL40 mutations
are most likely exclusive to cases of severe NEM.

In all cases where it was possible to test unaffected par-
ents, siblings, and extended family, the mutations cosegre-
gated with disease in an autosomal-recessive fashion
(Figure 1B), giving a combined LOD score of 5.66 (Table

1). All mutations were either absent from the NHLBI EVS
and the 1000 Genomes database?® or present at low fre-
quencies in the heterozygous state (Table 1). In five addi-
tional NEM-affected families, only single KLHL40 variants
were identified (Table S2); the significance of these variants
in these individuals remains unclear.

In Japanese persons, KLHL40 mutations are the most
common cause of this severe form of NEM (13/47 [~28%])
asaresult of a founder effect with the ¢.1582G>A mutation.
Given that this mutation was present in Turkish, Kurdish,
and Japanese families, we completed a haplotype analysis
of Japanese and Turkish families (families 16 and 17)
but did not identify a common haplotype between them
(Figure S2). HRM with confirmatory Sanger sequencing of
510 normal Japanese individuals revealed a heterozygous
¢.1582G>A mutation in one individual. Therefore, the
mutant-allele frequency in the Japanese population was
estimated to be 0.0098. According to the equation
described by Kimura and Ota®” and under the assumption
of 25 years per generation, the age of this mutation is
calculated to be 4,900 years old.

The identified KLHL40 mutations were scattered
throughout all exons (Table 1 and Figure 2A) encoding
mostly conserved residues (Figure S3). To investigate dis-
ease mechanisms, all substitutions except p.Arg311Leu
were mapped to the crystal structures of the kelch domain
of human KLHL40 and the BTB-BACK domain of human
kelch-like protein 11 (KLHL11; Figures 2B and 2C and
Figure S4). p.Arg311Leu (c.932G>T) was predicted to be
in the structurally flexible region, a linker of nonconserved
amino acids connecting the BACK and kelch domains
(Figure S7D), and was therefore excluded from structural
consideration. All the modeled substituted residues are
involved in intramolecular interactions, and thus the sub-
stitutions would most likely destabilize the hydrophobic
cores of the BTB-BACK domain (p.Leu86Pro [c.257T>C],
p-Vall94Glu [c.581T>A], and p.Trp201Leu [c.602G>A]),
the kelch domain (p.Pro397Leu [c.1190C>T], p.His455Arg
[c.1364A>G], and p.Gly469Cys [c.1405G>T]), the
B sheet (p.Thr506Pro [c.1516A>C] and p.Ala538Pro
[c.1612G>C]), or the hydrogen bonds between the
main chain and side chain (p.Asp34His [c.100G>C]
and p.Glu528Lys [c.1582G>A]) or between side
chains (p.Glu588Lys [c.1762G>A]) (Figures S5-S7). The
p.Pro397Leu and p.Glu588Lys substitutions appear to be
conservative for the hydrophobic core and hydrogen
bonding, respectively. The former substitution is predicted
to affect the polyproline II helix conformation (residues
396-399; Figure S6A). The calculated free-energy
change for most substitutions was estimated to be over
2.0 kcal/mol (Figure 2D), which is typically associated
with destabilization of domain folds.*® These analyses
suggested that most KLHL40 missense mutations impair
protein stability.

To investigate KLHL40 expression and KLHL40 abun-
dance, we performed quantitative RT-PCR and immuno-
blotting of human and mouse tissues. KLHL40 transcripts
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Table 1. KLHL40 Mutations by Family, Individual LOD Scores, Ethnicity, and Population-wide Incidence

Mutation Incidence from

LoD Incidence from 1000 Genomes
Family Exon(s) Nucleotide Change Amino Acid Change Score  Ethnicity EVS (1°% 2" (1°%5 2™
Family 31° 1 ¢.[100G>C};[257T>C] p.[Asp34His};[Leu86Pro] 0.6 Vietnamese ND; ND ND; ND
Family 2 1 c.[134delC];[134delC] p.[Pro45Argfs*19]; NA Italian NA ND
[Pro45Argfs*19]
Family 3 1 c.[270C>G];[270C>G] p.[Tyr90*;[Tyr90%] NA Turkish ND ND
Family 5 1 c.[581T>A];[581T>A] p.[Val194Glu};[Val194Glu] 0.6 Israeli ND ND
Family 6° 1 ¢.[602G>T];[602G>T] p.[Trp201Leu];[Trp201Leu]  1.454  Turkish ND ND
Family 7 1 c.[602G>A];[602G>A] p.[Trp201*];[Trp201*] NA Norwegian ND ND
Family 9 1 ¢.[790delC];[790delC] p.[Arg264Alafs*59]; 0.25 Turkish NA ND
[Arg264Alafs*59]
Family 10° 1land4  ¢.[932G>T] ;{1516A>C] p.[Arg311Leu];[Thr506Pro]  NA Chinese ND; ND ND; ND
Family 34 2and6  c.[1190C>T];[1762G>A] p.[Pro397Leu];[Glu588Lys]  NA Turkish ND; ND ND; A=2and
G=2,184

Family 12 2and 4  ¢.[1270_1272delinsAGATC p.[Asp424Argfs*23]; NA Japanese NA; ND ND; ND

AAGGT];[1582G>A] [Glu528Lys]
Family 13  2and4  ¢.[1281_1294delCTGCCTGG  p.[Cys428Hisfs*12]; NA Korean NA; ND ND; ND

ACTCGG];[1582G>A] [Glu528Lys]
Family 14 3 c.[1364A>G];[1364A>G] p.[His455Arg];[His455Arg] NA Turkish ND ND
Family 15 3 ¢.[1405G>T];[1405G>T] p.[Gly469Cys];[Gly469Cys} NA Japanese ND ND
Family 16° 3and4  c.[1405G>T];[1582G>A] p.[Gly469Cys];[Glu528Lys]  0.727  Japanese ND; ND ND; ND
Family 17° 4 c.[1582G>A];[1582G>A] p.[Glu528Lys];[Glu528Lys] 1.654  Turkish ND ND
Family 18* 4 c.[1582G>A};[1582G>A] p.[Glu528Lys];[Glu528Lys]  0.125  Kurdish ND ND
Family 19 4 ¢.[1582G>A};[1582G>A] p-[Glu528Lys};[GluS28Lys]  0.25 Kurdish ND ND
Family 20 4 c.[1582G>A];[1582G>A] p-[Glu528Lys];[Glu528Lys] NA Japanese ND ND
Family 21 4 c.[1582G>A];[1582G>A] p.[Glu528Lys];[Glu528Lys] NA Japanese ND ND
Family 22 4 c.[1582G>AJ;[1582G>A] p.[Glu528Lys};[Glu528Lys] NA Japanese ND ND
Family 23 4 c.[1582G>A};[1582G>A] p.[Glu528Lys};[Glu528Lys]  NA Japanese ND ND -~
Family 24 4 ¢.[1582G>A];{1582G>A] p-[Glu528Lys];[Glu528Lys] NA Japanese ND ND
Family 25 4 c.[1582G>A];[1582G>A] p-[Glu528Lys];[Glu528Lys] NA Japanese ND ND
Family 26 4 c.[1582G>A};{1582G>A] p.[GluS28Lys];[Glu528Lys] NA Japanese ND ND
Famﬂy 27 4/” .’ c.[1582G>A] ;[1582G>A] p.[Glu528Lys];[GluS28Lys]  NA Japanese ND ND
Family 28 4 c.[1582G>A];[1582G>A] p.[Glu528Lys];[Glu528Lys]  NA Japanese ND ND
Family 29  4/5 c.[1608-1G>A];[1608-1G>A] NA NA Turkish ND ND
Family 30 5 c.[1612G>C};[1612G>(] p.[A]aéSSPro];[Ala538Pro] NA Turkish ND ND

The individual pedigree LOD scores are given where possible. This table also shows the incidence of the mutations reported within the NHLBI EVS and the 1000
Genomes browser. Abbreviations are as follows: NA, not available; and ND, not detected.

#Families for whom WES was performed.

and their encoded proteins were exclusive to developing
and adult skeletal muscle (Figures 3A-3C) and more abun-
dant in fetal muscle than in postnatal muscle (Figure 3C).
Confocal microscopy suggested that KLHIL40 might
localize to the sarcomeric A-band (Figure 3D and
Figure S8), a region not previously linked to NEM. Immu-
noblotting showed that KLHL40 is absent or of low abun-
dance in KLHL40-associated NEM muscle (Figure 3E), even
for persons harboring two missense mutations (F10 and

F17). Immunohistochemistry confirmed that KLHL40
was absent or very scarce in KLHL40-associated NEM
myofibers (Figure 3F).

We further investigated Klhl40 function in zebrafish.
The zebrafish genome contains two orthologs of KLHL40:
kIhl40a and kIhi40b, which have 57% (klhi40a) and
55.7% (kIhi40b) amino acid similarity to human KLHL40.
RT-PCR demonstrated expression of both kIhi40 genes at
24 and 48 hr postfertilization (hpf) (Figure S9A). In adult
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Figure 2. Mutations Identified in Our Cohort and the Structural Modeling of the Missense KLHL40 Substitutions

(A) Schematic presentation of the genomic structure of KLHL40 (upper) and its encoded protein, KLHL40, with the BTB-BACK domain
and kelch repeats (lower). The localization of mutations and substitutions identified is depicted with dots, and the number of dots for
each mutation or substitution indicates the number of times it was found. Most substitutions occurred at conserved amino acids. The
dots above KLHL40 indicate truncating mutations, and those below KLHL40 indicate missense mutations.

(B and C) Structural modeling of the missense KLHL40 substitutions. The crystal structures of the (B) kelch domain of KLHL40 and the
(C) BTB-BACK domain of KLHL11 and the location of the substitutions are shown. p.Pro397Leu, p.His455Arg, p.Glu469Cys,
p.Thr506Pro, p.Glu528Lys, p.Ala538Pro, and p.Glu588Lys map to the kelch repeats (B), p.Asp34His and p.Leu86Pro map to the BTB
domain, and p.Val194Lys and p.Trp201Leu map to the BACK domain (C). The side chains of the mutated residues are shown as sticks
with space-filling spheres in red. o helices, 8 sheets, and loops are drawn as ribbons, arrows, and threads, respectively. Each kelch repeat
(B) is color coded in the kelch domain, and the BTB and BACK domains (C) are colored pink and green, respectively. Molecular structures
were drawn with PyMOL.

(D) The calculated free-energy changes resulting from the missense substitutions in the kelch domain of human KLHL40 and the BTB-
BACK domain of human KLHL11 were predicted by FoldX. Data are presented as the mean + SD. Residue numbers used in (C) and (D)
refer to human KLHL11, and those corresponding to human KLHL40 are in parentheses.
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Figure 3. KLHL40 Expression in Human and Mouse Tissues

(A) Tagman quantitative real-time PCR analysis of cDNA from adult or fetal human tissues. Error bars represent the SD. The following
abbreviation is used: Sk, skeletal.

(B) KLHL40 levels in C2C12 cells and mouse tissues (HPA, top panel) and immunoblotting for sarcomeric a-actin (clone 5C5, middle
panel) and GAPDH (lower panel). Lanes are as follows: myo, C212 myoblasts; D2, myotubes on day 2 of differentiation; D4, myotubes
on day 4 of differentiation; D6, myotubes on day 6 of differentiation; Gastroc (left), C57BL/6 postnatal day 2 (d2) gastrocnemius; Gastroc
(right), C57BL/6 8-week-old gastrocnemius; and EDL (extensor digitorum longus) to liver, C57BL/6 8-week-old tissues. For all mouse
tissue lysates, samples were pooled from three different mice.

(C) On the left is KLHL40 expression in human skeletal muscle (HPA, top panel), immunoblotting for e-actinin (clone EA-53, middle
panel), and Coomassie staining of MHC band (bottom panel). Lanes are as follows: F:19w, 19-week-old fetus; F:23w, 23-week-old fetus;
F:31w, 31-week-old fetus; 11d, 11-day-old neonate; 6mo, 6-month-old baby; and C1-C4, healthy adult controls of 19-42 years of age. On
the right, KLHL40 intensity normalized to MHC for fetal muscle is 3.34 = 0.92 (n = 3) versus 1.37 % 0.21 (n = 6) for postnatal skeletal
muscle. *p = 0.023, unpaired two-tailed t test. Error bars represent the SEM.

(D) Single Z-plane confocal microscopy showing localization of KLHL40 (green) and ¢-actinin (red) in a longitudinal section of skeletal
muscle from a 31-week-old fetus; costaining with Hoechst (blue) is also shown (Merge). Scale bars represent 5 pm.

(F) Immunoblotting shows that KLHL40 is absent in KLHL40-associated NEM muscle (II-1 from family 10 [F10] and V-2 from family 17
[F17]) compared with healthy control muscle (C1, C3, and C4). Coomassie staining of the MHC band (bottom panel) and immunoblot-
ting for sarcomeric a-actin (clone 5C5, middle panel) indicate similar or greater loading for the KLHL40-associated NEM samples
compared with control samples.

(F) Immunofluorescence for KLHL40 in a human 23-week-old fetal skeletal muscle sample (F:23w), an adult healthy control (C4), and
KLHL40-associated NEM muscle biopsies (II-1 from family 10 [F10], V-2 from family 17 [F17], family 21 [F21], and family 26 [F26]). Scale
bars represent 50 pum.

zebrafish, klhl40a was most abundant in the skeletal mus-
-cle and heart and kl/hl40b was most abundant in the skel-
etal muscle (Figure S9A). At the 16 and 24 hpf stages,

oligonucleotides (kIhl40a-MO, kIhI40b-MO, and klhi40b-
MO2) (Figures S9B and S10A). Embryos injected
with klhl40a-MO, klhi40b-MO, and klhl40a-MO/40b-MO

expression of both genes was restricted to the muscle pre-
cursor cells in the somites (Figure 4A). We knocked down
zebrafish klhi40a and kIhi40b with antisense morpholino

(double morpholinos) showed a curved trunk and small
head at 48 hpf (Figures 4B and 4C). A normal phenotype
resulted from 5 bp mismatched morpholinos (Smis-MOs).
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