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Dominant Mutations in KBTBD13, a Member of the
BTB/Kelch Family, Cause Nemaline Myopathy with Cores
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We identified a member of the BTB/Kelch protein family that is mutated in nemaline myopathy type 6 (NEM6), an autosomal-dominant
neuromuscular disorder characterized by the presence of nemaline rods and core lesions in the skeletal myofibers. Analysis of affected
families allowed narrowing of the candidate region on chromosome 15g22.31, and mutation screening led to the identification of
a previously uncharacterized gene, KBTBD13, coding for a hypothetical protein and containing missense mutations that perfectly cose-
gregate with nemaline myopathy in the studied families. KBTBD13 contains a BTB/POZ domain and five Kelch repeats and is expressed
primarily in skeletal and cardiac muscle. The identified disease-associated mutations, C.742C>A (p.Arg248Ser), c.1170G>C
(p-Lys390Asn), and ¢.1222C>T (p.Arg408Cys), located in conserved domains of Kelch repeats, are predicted to disrupt the molecule’s
beta-propeller blades. Previously identified BTB/POZ/Kelch-domain-containing proteins have been implicated in a broad variety of bio-
logical processes, including cytoskeleton modulation, regulation of gene transcription, ubiquitination, and myofibril assembly. The

functional role of KBTBD13 in skeletal muscle and the pathogenesis of NEM6 are subjects for further studies.

Nemaline myopathy (NEM) is the most common nondy-
strophic congenital myopathy that affects mainly infants
and children. The presence of thread- or rod-like (nemaline)
bodies in affected muscle is the histological hallmark of this
myopathy. A variety of distinct clinical types of NEM are
recognized and are based on the age at disease onset and
the severity of muscle weakness, ranging from a severe,
neonatal, and often fatal disease to milder, nonprogressive
or slowly progressive disease presenting in infancy, child-
hood, or adulthood.* The major symptoms are muscle
weakness with hypotrophy of diffuse distribution or
limited to the face, neck, and proximal limbs but in some
patients extending to respiratory muscles. The pattern of
inheritance is also variable; autosomal-recessive and auto-
somal-dominant forms are known and sporadic cases are re-
ported.** Mutations causing phenotypically distinct NEM
variants have been identified in a-actin (ACTAI [MIM
161800]), a-slow tropomyosin and B-tropomyosin (TPM3
[MIM 609284] and TPM2 [MIM 60928]), troponin T
(TNNT1 [MIM 605355]), nebulin (NEB [MIM 256030]),
and cofilin2 (CFL2 [MIM 610687]). Each known NEM
gene encodes components of skeletal muscle sarcomeric
thin filaments or regulators of their assembly.>~ Despite
recent progress, the molecular mechanisms remain
unknown in a substantial number of NEM cases.

We previously mapped autosomal-dominant NEM in
two pedigrees, Dutch and Australian Dutch, to a locus on
chromosome 15q21-q23, with a combined LOD score of
10.65 at marker D155993.° We later identified two addi-
tional families, Spanish” and Australian-Belgian, featuring
a similar phenotype and genetically linked to the same
chromosomal locus. This type of nemaline myopathy
was named NEM type 6 (NEM6 [MIM 609273]). The clin-
ical phenotype of the 42 studied patients includes poor
exercise tolerance, characteristic slowness of movements,
gait abnormality, and the development of slowly progres-
sive muscle weakness of the neck and proximal limb
muscles beginning in childhood (Table 1). The slowness
of movements observed in NEM6 patients is not a charac-
teristic feature in other congenital myopathies.”® The
NEMS6 patients were unable to run and to correct them-
selves from falling over. This slowness was constant and
was not influenced by the environment. The slowness in
NEMG6 was correlated to a slower torque generation and
a lower rate of relaxation.” Muscle biopsies demonstrate
strikingly similar cross-family images. These include
numerous nemaline rods that form confluent inclusions
(Figure 1A) near the Z-disks associated with sarcomere
disorganization, but some rods are not colocalized with
the Z-disks (Figure 1B). Unstructured cores devoid of
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Table 1. Clinical Manifestations in NEM6 Patients

Family Australian Dutch Dutch Spanish Australian Belgian
Number of studied 10 24 4 4

patients

Age at onset childhood childhood childhood childhood

First symptom

unable to run

unable to run

unable to run

unable to skip

or jump; or jump; or jump; or jump
difficulties on difficulties on difficulties on
stairs stairs stairs

Progression slow slow, disabling slow, disabling variable,

after age 50
yIs

after age 30
yIs

Gower’s maneuver as
early as 19 years

Distribution of muscle
weakness

neck, proximal,
distal in one

neck and proximal

proximal and
distal;

proximal greater
than distal;

patient neck in two neck weakness
patients in some
Respiratory no no no no
insufficiency
Muscle atrophy none diffuse in the deltoids, none
most severely forearms
affected patient
Other symptoms movement movement movement movement
slowness in slowness slowness slowness in
one patient one patient
EMG profile myogenic myogenic myogenic myogenic
Creatine Kinase level normal normal normal normal

Cardiac abnormalities

none identified

none identified

none identified

none identified

oxidative enzyme activity represent an associated feature
of the NEM6 subtype (Figure 1C). A combination of nema-
line rods and core lesions has also been seen in some

patients with mutations in ryanodine receptor (RYRI
[MIM 180901]).>'° However, it is noteworthy that the
core lesions observed in NEM6 differ from the classical

sharply demarcated cores observed in central core or
core-rod disease associated with mutations in RYRI.”
Another unifying feature of the NEM6 subtype is the
predominance and hypertrophy of type 1 (slowly twitch-
ing) fibers versus atrophic type 2 (fast) fibers (Figure 1D).
This pattern is characteristic of the NEM6 subtype and is

Figure 1. Histochemical, Ultrastructural, and
Immunohistochemical Findings in a Muscle
Biopsy Sample from the Right Biceps Brachii
Muscle Biopsy of the Spanish Family Index
Patient

(A) Clusters of nemaline rods on modified tri-
chrome staining forming confluent inclusion in
some areas under the sarcolemma and centrally
within the cytoplasm (scale bar represents
50 pm).

(B) Electron micrograph showing multiple nema-
line rods located under the sarcolemma and near
Z-disks (scale bar represents 2 pm). Muscle sample
fixed in 2% glutaraldehyde, postfixed with 1%
osmium tetroxide, was embedded in araldite.
Ultrathin sections were stained with uranyl
acetate and lead citrate and were viewed and pho-
tographed with a JEOL 1011electron microscope.
(C) Cores devoid of oxidative enzyme activity
appear on NADH reaction (scale bar represents
50 um).

(D) Double-labeling immunohistochemistry for
slow (pale) and fast (dark) myosin demonstrating
type 1 fiber predominance and hypertrophy
versus type 2 fiber atrophy (scale bar represents
50 um).
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A Figure 2. KBTBD13 Mutations in NEM6 Families
NEMG6 region D158155 D155125 (A) The NEMS6 locus is a 6.7 Mb interval delimited
by markers D155S155 and D155125, which physi-
cally map between the 58.1 Mb and 68.4 Mb
58.1Mb 64.8Mb chromosomal positions. The region contains 28
T T T TTT T T TTT T genes expressed in striated muscle.
TRORA TLN2 TRABSB TUSP,?T HERGI| TSNXI TTRIM T CLPX NOPET DIS3LT (B) KBTBD13 mutations identified in NEM6
VPS13C TPM1lI RABIIA DAPK2 | SNX22 | MTFMT PARP16 SCL24A1 patients are located within the hlgh]y conserved
ANXA2 LACTB  APHIB FBXL22 FAM96A PPIB RASLI2 Clsorf#4 MAP2KI  second and fifth Kelch repeats.
KBTBD13 (C) Evolutionary conservation of KBTBD13
domains. The mutated residues are shown in
B BTB domain Kelch repeats bold.
- m— I I I I —
7 74 196 % *k* 425
R248S K390N R408C
c Dutch family was identified within the
H.Sapiens: HQPRYDT...FVNSKGAL..Y TVNRMFT candidate region (data not shown), but
P.Troglodyte: HQPRYDT..FVHSKGAL..Y TVNRMET this deletion was absent in the patient’s
C.lupus: HQPRYDT...FVNSKGAL..Y TVNRME'T
B.Taurus: HQPRYDT..FVNSKGAL...Y TVNRVET affected mother and the index case of the
M.Musculus: HQPRYDT..FVNSKGAL..YTVNRVST Spanish family, thus excluding disease-
G.Gallus: HQLRYDV...FMNSKGAL...Y TVNKMLT specific CNVs.
D.Rerio: ROSRYNF...YGNSKGAL...FTLNRTLT

rarely seen in other subtypes. Rods and cores were jointly
present in biopsy samples representing each studied
family, affecting 10% to 95% of fibers when measured,
and type I fiber predominance and hypertrophy were
seen in each case but one (Table S1 available online).
Genetic studies were approved by the institutional
review boards of all collaborating institutions and were
performed in accordance with the Declaration of Hel-
sinki, and all subjects gave written informed consent
prior to participation. We reanalyzed the NEM6 candidate
region on the basis of haplotype analysis in three pedi-
grees and determined that the associated gene is located
in a 6.7 Mb region flanked by markers D15S155 and
D15S8125 on chromosome 15q22.31 (Figure 2A). The
region contains more than 70 annotated protein-coding
genes (NCBI build 37.1). The most attractive candidate
within the NEMG6 interval was o-fast tropomyosin
(TPM1 [MIM 191010]), which encodes a thin filament
protein expressed in type 2 (fast) skeletal muscle fibers
and cardiomyocytes. TPM1 mutations are known to cause
familial hypertrophic cardiomyopathy type 3'! and
dilated cardiomyopathy,'? and mutations in other tropo-
myosins cause nemaline myopathy.13 However, extensive
analysis of the coding exons of TPM1 and its regulatory
regions failed to identify mutations in the Dutch, Austra-
lian Dutch, or Spanish patients. To rule out the possibility
of genomic rearrangements within the candidate region,
we surveyed the genome of three affected individuals,
using Affimetrix 6.0 SNP chips according to the manufac-
turer’s guidelines. This array contains probes specific for
the detection of both SNPs and copy-number variants
(CNVs). CNVs were determined with the Partek Geno-
mics Suite (version 6.4, build 6.09.0310) and analyzed
with the copy number analysis workflow. An 11.1 kb
intragenic deletion in a patient from the Australian

We then performed mutation screening
of 28 genes within the region (Figure 2A).
The genes were selected on the basis of the
function of encoded proteins and expression in striated
muscles. The exons with intronic flanking regions or the
cDNA were analyzed for sequence variants in two patients
from the Australian Dutch and Spanish families and in two
controls. Sequence analysis of candidate genes resulted in
the identification of a number of synonymous and
nonsynonymous SNPs (Table S2). The nonsynonymous
SNPs were then tested in other patients from the same
and additional NEM6 families. Potentially disease-causing
€.1170G>C (p.Lys390Asn) and c.1222C>T (p.Arg408Cys)
mutations were found in a nonannotated and uncharacter-
ized LOC390594 gene that was subsequently designated as
“Kelch-repeat and BTB (POZ) domain containing 13”
(KBTBD13 [accession no. NM_001101362.2]) (Figure 2B).
The ¢.1170G>C (p.Lys390Asn) mutation was identified
in each patient of the Spanish family, and the
c.1222C>T (p.Arg408Cys) mutation perfectly segregated
with the disease in the original Dutch, Australian Dutch,
and Australian Belgian pedigrees (Figure S1). Analysis of
haplotypes based on seven microsatellite markers covering
a 1.7 Mb region around KBTBD13 showed allele sharing
between the latter three families (Figure S2), suggesting
that a founder effect for the ¢.1222C>T mutation may
exist in the Low Countries of The Netherlands and
Belgium. KBTBD13 was subsequently screened in 14
probands with pathologically diagnosed rod-core disease.
A ¢.742C>A (p.Arg248Ser) variant was found in a single
isolated case from Victoria, Australia (Figure 2B). All three
KBTBD13 mutations occurred at amino acid positions
conserved through evolution and alter positively charged
amino acids (Figure 2C). None of the KBTBD13 mutations
was found in control individuals. The c¢.1170G>C
(p.Lys390Asn) and ¢.1222C>T (p.Arg408Cys) mutations
were absent in 80 Spanish, 52 Dutch, and 84 healthy
Americans of European descent. Although the parents

844 The American Journal of Human Genetics 87, 842-847, December 10, 2010



<
[8)
(2]
=)
€
S —=
3 ) 5 g
c . o ©
[&] = o oy [0
s @ s £ 2 5 8 =
o m X 4 %) 4 T n
KBTBD13
E___3 - —
GAPDH - e G e SIS Geee RN SEE—

Figure 3. Tissue-Specific Expression of the Mouse KBTBD13
Tissue source is indicated on top of loaded RT-PCR products.
GAPDH was used as internal control for normalization of cDNA
quantity. The sizes of cDNA fragments are 249 bp for KBTBD13
and 101 bp for GAPDH.

and siblings of the patient with the p.Arg248Ser substitu-
tion were not available for further study, we consider this
variant as a candidate mutation because it was absent
among 148 Australian and 52 Dutch controls.

KBTBD13 is located between nucleotides 65369154 and
65370530 in the NM_001101362.2 sequence of chromo-
some 15922.31. The first in-frame ATG of KBTBDI13 is
flanked by a Kozak sequence, and the gene has a single
exon. The predicted open reading frame comprises 1374
nucleotides encoding a protein, KBTBD13, of 458 amino
acids with a molecular mass of 49 kDa (NP_001094832).
Highly conserved proteins of a similar size are predicted
in vertebrates that share from 51% to 99% identity with
human KBTBD13 (data not shown). A single transcript of
3.5 kb was detected in an RNA blot of human skeletal
muscle poly A* RNA (Figure S3), and a mouse KBTBD13

ortholog (NM_028974; NP_083250) was identified in skel-
etal and cardiac muscles and lung by RT-PCR testing of
multiple tissues (Figure 3). Although KBTBD13 is expressed
in the heart, to date no cardiac abnormalities have been
identified in affected individuals (Table 1). A focused study
of cardiac involvement in NEM6 patients has been
performed in two patients of the Spanish family. Electro-
cardiography, 24 hr Holter monitoring, and echocardiog-
raphy have not shown any notable alterations.

For determination of subcellular localization, the wild-
type human KBTBD13 cDNA was generated by RT-PCR
using skeletal muscle RNA. The ¢.1222C>T (p.Arg408Cys)
mutation was introduced into a wild-type clone through
site-directed mutagenesis (Stratagene). The full-length
KBTBD13 transcript was cloned into the pCMV6-AC-
MycDDK expression vector (OriGene) and transfected
into differentiating C2C12 myotubes and embryonic
mouse cardiomyocytes prepared from CD-1 mouse
embryos as described previously.'* Both wild-type and
mutant KBTBD13 showed a punctate distribution
throughout the cytoplasm in both types of cells. In the
cardiomyocytes (Figure 4), KBTBD13 does not colocalize
with «-actinin, the major protein component of the
Z-disks and the nemaline bodies. This may indicate that
the disease mechanisms in NEM6 are fundamentally
different from other NEMs. Expression of mutant
KBTBD13 showed no gross difference compared to the
wild-type KBTBD13 (Figure 4). It is perhaps not surprising,
given that NEM6 is a mild, very slowly progressive
disorder. However, these experiments are limited to subcel-
lular localization of the protein and do not reveal the
pathogenic consequences of mutations. Antibody staining
of the endogenous protein is a better tool for the analysis
of localization and mutation-specific changes in human
NEMBS6 biopsies and cell models, but no antibodies against
KBTBD13 are currently available.

Figure 4. Localization of KBTBD13 Tagged
with Myc-Flag in Embryonic Mouse Cardiomyo-
cytes

Top images: wild-type KBTBD13; bottom images:
p-Arg408Cys mutant KBTBD13. KBTBD13 is
stained in red and a-actinin in green; the nucleus
is labeled in blue with DAPI. Inset: higher magni-
fication of boxed areas shows no visible colocali-
zation of the wild-type or mutant KBTBD13
(arrowheads) with a-actinin in striated premyofi-
brils (arrows). Scale bar represents 10 pm.
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KBTBD13 is predicted to contain an N-terminal
68-residue BTB/POZ domain (BTB for Bric-a-brac, Tram-
track, Broad-complex; and POZ for Poxvirus and Zinc-
finger), a central a-helical linker region, and a C-terminal
Kelch-repeat domain (Figure 2B).'>!® The Kelch-repeat
domain of KBTBD13 consists of five repeats (Figure S4),
each containing 42 to 49 amino acids, but the overall
homology of the repeats is low. Residues R248, K390, and
R408 are located within the highly evolutionarily
conserved second and fifth Kelch repeats (Figure 2C and
Figure S4), at positions corresponding to B,1, Bsl, and
Bs3 B sheets of the resolved structure of galactose oxidase,
a model BTB/Kelch protein,'® and are predicted to damage
the corresponding strands of the molecular B-propeller
blades. In light of the pathogenicity of mutations associ-
ated with NEM6, KBTBD13 is likely to have a significant
though as-yet-unknown role in muscle structure and/or
function.

More than 60 proteins of the BTB/Kelch family have been
identified,'>™'? of which a few are known to be expressed in
skeletal and cardiac muscle: Krp1 or Sarcosin,'® Muskelin,**
and KLHL31.'” BTB/Kelch proteins have been implicated in
a broad variety of biological processes, including cytoskel-
eton modulation, regulation of gene transcription,
ubiquitination, cell migration, and myofibril assembly.
Although the list of known BTB/Kelch proteins is growing,
few have been associated with human disease. Gigaxonin is
mutated in patients with giant axonal neuropathy,zo
mutations in KLHL7 cause dominant retinal degenera-
tion,?' and KLHLY9 mutation is associated with distal
myopathy.”> KLHL9 forms a complex with Cullin 3
(Cul-3)-based ubiquitin ligase through its BTB domain,
and a KLHL9 alteration diminishes its binding to Cul-3.??
Similarly, gigaxonin controls the ubiquitin-mediated
degradation of cytoskeletal proteins, leading to impaired
axonal transport and neuronal death in giant axonal
neuropathy.”® Several other members of the BTB/Kelch
family interact with Cul-3 and participate in direct ubiqui-
tination, demonstrating that members of the BTB/Kelch
protein families define a new class of substrate-specific
adaptors for Cul-3 based ubiquitin ligase.?””*> Whether
this function relates to NEM6 pathogenesis remains to be
determined.

In conclusion, we have identified a member of the BTB/
Kelch family of proteins that if mutated causes muscle
disease characterized by nemaline rod and core formation
and muscle weakness, likely through a mechanism
different than that of nemaline myopathy associated
with mutations in other genes. A combination of gene
mapping, positional cloning, mutation screening, and
high-throughput copy-number analysis was used to iden-
tify the genetic cause of this disease. These findings will
promote understanding of the functional role of the
growing number of BTB/Kelch proteins, specifically
KBTBD13, in skeletal muscle, provide insight into the
pathogenesis of NEM6, and stimulate the development
of treatments for this childhood-onset disease.

Supplemental Data

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