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Identification of KLHL41 Mutations Implicates BTB-Kelch-
Mediated Ubiquitination as an Alternate Pathway
to Myofibrillar Disruption in Nemaline Myopathy

Vandana A. Gupta,! Gianina Ravenscroft,? Ranad Shaheen,® Emily J. Todd,? Lindsay C. Swanson,!
Masaaki Shiina,* Kazuhiro Ogata,* Cynthia Hsu,! Nigel E. Clarke,5 Basil T. Darras,® Michelle A. Farrar,”
Amal Hashem,? Nicholas D. Manton,® Francesco Muntoni,® Kathryn N. North,0 Sarah A. Sandaradura,s
Ichizo Nishino,!! Yukiko K. Hayashi,! Caroline A. Sewry,® Elizabeth M. Thompson,1213 Kyle S. Yau,?
Catherine A. Brownstein,! Timothy W. Yu,! Richard J.N. Allcock,!* Mark R. Davis,3

Carina Wallgren-Pettersson,'¢ Naomichi Matsumoto,!” Fowzan S. Alkuraya,3 Nigel G. Laing,?

and Alan H. Beggsl”

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 (KLHL4I) 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 Klhi41 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 BTB-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 addifional 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 SNP135, 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;
c.1748_1755delAAGGAAAT, p.Lys583Thifs*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 $1). 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.Asn214Thifs*14
(Figure 14).

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 c¢.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 Glul94 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 lle96 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 KRPI1, 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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Clinical Manifestations in Affected Individuals Harboring KLHL41 Mutations

Tablel.

Alive at Age/Mobility/

Pregnancy and Delivery Age at Death

Associated Features

Clinical Category Sex Nationality

Amino Acid Change

cDNA Change

Proband ID

Ventilated 24 hr from 5 yrs.

High-arched palate,
dysarthria Scoliosis

16 yrs, uses wheelchair
(ambulant 24-36 mo)

Normal

Vietnamese

F

Intermediate

p.Cys35Arg
Heterozygous
p.0? Heterozygous

¢.103T>Cc.(?_-77)_

(*602_?)del

203-1

Distal weakness > proximal

distal contractures

12 yrs, ambulant

No data

Russian

Other forms M

p.Ser153_Alal54insLeu

Homozygous

€.459delinsACTC

832-1

(grade of severity: mild)

VSD, finger contractures,
focal renal echogenicity

5 yrs, ambulant

Normal - h 40

Chinese

p-Glu194del Typical form M

¢.581_583delAAG

D10-236

Heterozygous
p.Ser413Leu

¢.1238C>T

Heterozygous

Arthrogryposis, macrocephaly,

Died at 3 mo

Polyhydramnios, breech

Persian

M

Fetal akinesia

p-Lys583Thrfs*7
sequence

Homozygous

AAGGAAAT,

¢.1748_1755del

D12-203

(active support hypospadias No antigravity
movements at birth

Cesarean section - h 3142  discontinued)

presentation, emergency

Dislocation of hips and knees,
cleft palate, micrognathia,

narrow chest

Died during
1st day of life

breech presentation

Saudi Arabian Fetal movements weak,

M

Severe form Fetal
akinesia sequence

p-Asn214Thrfs*14
Homozygous

c.641delA

12DG1177

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 Cys35 side chain
is involved in a hydrophobic core of the BTB domain,
which makes van der Waals contacts with Phe54 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 $1B). A FoldX
calculation predicted that the p.Ser413Leu substitution
would have minimal effect on stability of the Kelch
domain (Figure 1D). The effect of Glul94 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, ab666035) was performed, and
z stacks were acquired by confocal microscopy as described
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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 pm.

1112 The American Journal of Human Genetics 93, 1108-1117, December 5, 2013

461



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 KLHL41 staining
predominated over the I-bands of the sarcomere and at
perinuclear regions in human biopsies (Figure 2C) and
murine cultured myofibers (Figure 54). 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 85). Together, these observations suggest that
KLHLA1 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 54).
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 S4). 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 RYRI, 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 $4 and 85). 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 36). 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 KIhi41
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
KBTBDI13 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 KLHLA1 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 Klhl41l gene were generated
by amplification of the 3’ UTRs from a ¢DNA 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 S1). Whole-mount in situ hybridization showed
ubiquitous expression of klhl41a 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 Klhl41l 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 52). 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). kihl41a morphants
exhibited leaner bodies, smaller eyes, and pericardial
edema as seen in other myopathy models (n = 65-110)
(Figure 3B).*°7! 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 klhi41b
resulted in reduced birefringence without any other signif-
icant abnormalities (n = 82-132). Targeting both kihl41a
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 klhl41b 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
klhi41a and kihi41b 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
this single evolutionary ortholog to complement both ze-
brafish genes (Figure 3E). Behavioral characterization of 3
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Figure 3. Characterization and Knockdown of Zebrafish Orthologs of KLHL41

(A) In situ hybridization of the zebrafish Kihl41 genes shows early expression during myogenesis in developing somites (11 hr after
fertilization). Klhl41a 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 Klhl41 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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dpf morphant fish, knocked down for either or both Klh141
genes, using the touch-evoked response assay showed
significantly diminished motility in comparison to control

fish (WT fish: 5.74 + 098 wam/01 s
klhi41a: 1.32 = 0.61 cm/0.1 s; klhl41b: 2.00 + 0.49 cm/
0.1s; klhl41ab: 0.73 = 0.39 cm/0.1 s), suggesting a signifi-
cant degree of overall muscle weakness (Movies S1, §2, 83,
and $4).%? To visualize abnormalities in sarcomeric architec-

Figure 4. Loss of klhi41 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 klhl41 morphant fish (scale bar
represents 2 pm). 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 kilhl4la or kihl41b 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 um).

ture, whole-mount staining of moz-
phant fish and control zebrafish em-
bryos was performed with phalloidin
to stain the actin-thin filaments.
Although well-organized myofibrillar
striations (i.e., sarcomeres) were
observed, the myofibrils in klhl41 mor-
phants tended to be thinner and were
highly disorganized relative to control
fish (Figure 4A). The myofibrilar disor-
ganization in klhl41 morphants was
also evident by evaluation of ultrathin
toluidine blue sections of control and
morphant fish (Figure §7). The main
diagnostic feature of NM is the pres-
ence 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 kIhl41b morphant fish (Figure 4B). Knock-
down of both klhla and kIhl41b 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 klhl41a (early embryogenesis) and kIhl41b

exhibit a reduction in birefringence in morphant fish, quantified in ImageJ as described (WT controls: 100% = 5.9% klhl41a: 23% =+
3.0%; kihl41b: 31% = 8.2%; kihl41ab: 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 klhi4lab fish. Klhl41 antibody recognizes
both kihl41a 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 klhl41a/b single and double morphants
suggesting morpholino specificity. The mRNA concentration used to rescue were as follows: kIhl41a (50 pg), klhi41b (75 pg), klhl41a+b
(60 pg of each).
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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 kIhl41a 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/ATHG/home.
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We performed whole genome sequencing in 16 unrelated patients
with autosomal recessive retinitis pigmentosa (ARRP), a disease
characterized by progressive retinal degeneration and caused by
mutations in over 50 genes, in search of pathogenic DNA variants.
Eight patients were from North America, whereas eight were
Japanese, a population for which ARRP seems to have different
genetic drivers. Using a specific workflow, we assessed both the
coding and noncoding regions of the human genome, including
the evaluation of highly polymorphic SNPs, structural and copy
number variations, as well as 69 control genomes sequenced by
the same procedures. We detected homozygous or compound het-
erozygous mutations in 7 genes associated with ARRP (USH2A,
RDH12, CNGB1, EYS, PDE6B, DFNB31, and CERKL) in eight patients,
three Japanese and five Americans. Fourteen of the 16 mutant
alleles identified were previously unknown. Among these, there
was a 2.3-kb deletion in USH2A and an inverted duplication of
~446 kb in EYS, which would have likely escaped conventional
screening techniques or exome sequencing. Moreover, in another
Japanese patient, we identified a homozygous frameshift (p.L206fs),
absent in more than 2,500 chromosomes from ethnically matched
controls, in the ciliary gene NEK2, encoding a serine/threonine-
protein kinase. Inactivation of this gene in zebrafish induced ret-
inal photoreceptor defects that were rescued by human NEK2
mRNA. In addition to identifying a previously undescribed ARRP
gene, our study highlights the importance of rare structural DNA
variations in Mendelian diseases and advocates the need for
screening approaches that transcend the analysis of the coding
sequences of the human genome.

medical genetics | ophthalmology | ciliopathy | retinal blindness

he identification of the genetic causes of rare Mendelian

diseases is becoming increasingly important following some
success with gene-based therapy, as recently reported for patients
with a form of Leber congenital amaurosis (LCA), a severe auto-
somal recessive hereditary retinal dystrophy (1-3). The evidence
that restoring a gene in the diseased retina could yield therapeutic
effects has stimulated the pursuit of the genetic causes of other
retinal dystrophies, including retinitis pigmentosa (RP).

RP is the name given to a group of hereditary retinal con-
ditions in which degeneration of rod photoreceptors, responsible
for vision under starlight or moonlight conditions, is more pro-
nounced than that of cone photoreceptors, which mediate daylight
vision. Individuals with RP typically experience night blindness at
first, followed by progressive and unstoppable visual impairment
in daytime conditions as well (4). Their visual fields become re-

www.pnas.org/cgi/doi/10.1073/pnas. 1308243110

duced gradually and sight is lost from the midperiphery to the
periphery and then from the midperiphery to the center, result-
ing eventually in complete or near-complete blindness if left un-
treated. Most patients show intraretinal pigment in a bone spicule
configuration around the fundus periphery, for which this con-
dition was named. In addition, they typically show retinal arte-
riolar attenuation, elevated final dark adapted thresholds, and
reduced and delayed electroretinograms (ERGs) (4). Vitamin A
supplementation in combination with an omega-3 rich diet can
slow the course of retinal degeneration and preserve visual acuity
among adults with this condition (5, 6). Autosomal, recessively
inherited RP (ARRP) is the most common form of hereditary
retinal degeneration in humans. To date, over 50 genes have been
associated with ARRP and allied disorders, among patients who
are predominantly of European ancestry (RetNet; www.sph.uth.
tme.edu/retnet/home.htm). However, despite this high number
of identified disease genes, ~40-50% of all diagnosed cases have
no mutations in recognized loci (7). Furthermore, genetic defects
in RP are also population specific. For example, a screening of 193
unrelated Japanese patients with isolate or autosomal recessive RP
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for 30 disease genes identified commonly within North American
or European patients revealed candidate pathogenic mutations
in only 14% of the cohort (8).

Recent advances in massively parallel sequencing have enabled
the analysis of large amounts of sequences (genes) at reasonable
costs, revolutionizing the traditional approach of exon-by-exon
Sanger sequencing (9). The two major forms of sequencing strat-
egies allowing large-scale analyses are whole genome sequencing
(WGS) and whole exome sequencing (WES). The former reads
the entire genome with no distinction between exons and non-
exonic regions. It allows the detection of intergenic variants,
copy number variations (CNVs), and other structural rearrange-
ments, as well as unrecognized exonic sequences. The latter
technique relies on targeted DNA capture and focuses on the
analysis of the known exonic content of the genome, performed
according to the genomic annotation available at a given point
in time.

In this study, we performed WGS as a method for mutation
discovery in a highly genetically heterogeneous Mendelian dis-
ease; to this end, we evaluated 16 unrelated RP patients from
diverse ethnic backgrounds.

Results

Genome Sequencing. Genome sequencing in the 16 analyzed pa-
tients produced an average mapping yield of 200.8 + 17.9
(mean + SD) Gb and an average coverage of 66.1 + 2.4 (mean =+
SD) reads per base (81 Appendix, Table S1). This covered a ge-
nomic fraction of 0.968 + 0.004, in which roughly 3.8 million
putative variations were identified. Of these, ~7.7% were not
reported in dbSNP build 131 and were classified as novel var-
iants. Variations present within transcripts were classified further
as synonymous and nonsynonymous, and analyzed separately for
the North American and Japanese sets of patients. Scoring of
large structural variations (SVs) could be achieved only for seven
genomes, as the remaining DNA samples, possibly because of
their older age, did not produce reliable mate pair information
(SI Appendix, Results S1).

Assessment of pathogenic variants was performed by a series
of filtering steps, summarized in Fig. 1.

Genome sequence of 16 unrelated patients with ARRP

Extract 600,000 SNP alleles and detect
autozygous chromosomal regions

<
™ yes
E>t Store autozygous regions [
- 1

Investigate rare changes, point mutations
and small indels in known RP genes

Integrate data from autozygous none How one
regions, perform variant detection many changes Integrate data from SVs
in all annotated human genes <3 per gene? E> 8!
0’ &two {}
none How two [ two How
many changes = Disease gene found <g many changes
per gene? (upon validation) per gene?
o one one
Disease gene not found,
likety mutations in non-coding <
regions or undetected SVs

Fig. 1. Flowchart of the filtering process applied in this work.
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Assessment of Autozygous Regions. Each genome was evaluated
for known or undocumented parental consanguinity as well as for
possible founder mutation events by extracting genotypes of known
polymorphic SNPs and by searching for long intervals with high
degrees of homozygosity (at least 500 consecutive SNP markers,
or ~2.2 Mb on average), indicative of identity by descent (IBD).
Significant genomic homozygosity was observed only in the five
Japanese patients (individual IDs: R14, R15, R16, R18, and
R19) who had documented parental consanguinity. The areas of
IBD had essentially no overlap among these patients except for
a 10-Mb interval on chromosome 1 shared by R15 and R19.
Haplotype analysis indicated the shared intervals to be of dif-
ferent origins. No other patients carried genomic areas indicative
of IBD; this was consistent with their family history reporting
no parental consanguinity.

Sequence Analyses of Known RP Genes. We first focused our anal-
yses on genes known to be associated with ARRP. We investigated
both small variants (from 1 to 50 bp) from the mapping of short
reads and, whenever possible, large SVs. Our results are sum-
marized in SI Appendix, Table §2; detailed results are provided in
ST Appendix, Results S1, Figs. 51 and S3, and Table S3.

In addition to point mutations and short indels (insertion/
deletions), we detected pathogenic SVs in USH24 and EYS in
patients 003-019 and R9, respectively, by combining information
from sequence coverage and abnormal junctions/mate pair dis-
tance. In the genome of patient 003-019, we identified a ~2-kb
deletion that removed exon 27 of USH2A, whereas patient R9
was found to carry a 446-kb head-to-head inverted duplication of
the portion of chromosome 6 that included exons 23-29 of EYS

Fig. 2).

( VgVe 1)?ound two pathogenic alleles, in either a homozygous or
compound heterozygous state, in 8 of the 16 patients, 5 Americans
and 3 Japanese, in seven different genes (S Appendix, Table S2).
Six patients carried mutations in one of the following genes:
USH2A4, RDHI2, CNGBI, EYS, PDEG6B, and DFNB31; 2 patients
had mutations in CERKL. None of these mutations were found
in the control cohorts of 95 healthy North American or 95 Japanese
individuals. None of these mutations were reported previously, ex-
cept p.R257X in CERKL and p.G76R in RDHI2 (10, 11). All mu-
tations cosegregated with RP as recessive, pathogenic alleles in all
family members of the index patients for whom DNA samples
were available (Fig. 3).

Systematic Screening of All Genes. Based on the data from the
analysis of known RP genes, we adopted a pipeline to perform a
systematic analysis targeting all annotated genes in the genomes
of patients with unsolved genetic etiology (81 Appendix, Fig. S2).
With the aim of selecting a restricted number of candidate genes,
more aggressive filtering was adopted with respect to the one
used for the screening of known disease genes. The major dif-
ferences in the analytical pipeline included removal of all entries
in dbSNP. We safely applied this filtering because, given the low
frequency of individual mutations in ARRP genes (including
undetected ones), the risk of eliminating pathogenic DNA var-
iants that could be fortuitously included in dbSNP build 131 is
negligible. Further, to validate this approach, we applied it again
retrospectively to the genomes for which mutations in RP genes
were already detected. All of identified RP mutations were pre-
sent in the final list of variants, supporting the sensitivity of the
strategy. Detailed results are provided in SI Appendix, Results 52
and are summarized in ST Appendix, Figs. 52 and S3 and Table $4.

In R19, in whom we did not find any clear-cut mutations in
known ARRP genes, we found a homozygous frameshift variant
(p.L206fs, ¢.617_624delTGTATGAGInsA) in the never in mitosis
gene A (NIMA)-related kinase 2 (NEK2) gene. This variant was
present within a highly homologous genomic stretch of 19.6 Mb
of chromosome 1q32, predicted to be IBD (S Appendix, Fig. $4).
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Fig. 2. Pathogenic structural variations identified. (A) Sequence of the
heterozygous USH2A 2,229-bp deletion in patient 003-019 (Left) and elec-
trophoresis of the PCR fragments showing a smaller fragment carrying the
deletion in the index patient (IP) and her affected brother (AB) but not in her
mother (Mo) or a control DNA (C). del, deleted; WT, wild type. (B) Alignment
of the USH2A protein from Homo sapiens (Hs) and Saccoglossus kowalevskii
(Sk, acorn worm) showing the conservation of 13 CC repeat motifs (red) and
the location of the mutation p.C3294W, newly identified in patient 003-019
and her sister. Four previously reported disease-associated missense changes
(p.C3251R, p.C3267R, p.C3282R, and p.C3358Y) also affect neighboring CC
repeats. (C) Schematic representation and DNA sequence of the junctions
characterizing the chromosomal rearrangement detected in patient R9
and involving the EYS gene. Integration of the information obtained by
Sanger DNA sequencing and WGS coverage of the region allows identifying
an inverted duplication encompassing exons 23-29.

Similar to most frameshifts producing a premature termination
codon, p.L206fs is predicted to result in an mRNA allele that
is subject to nonsense-mediated mRNA decay, and therefore in
no protein product. Targeted DNA screening revealed that
c.617_624delTGTATGAGInsA was absent from 1,273 Japanese
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and 95 North American control individuals. The entire coding se-
quence of the NEK2 gene was then analyzed in a mixed cohort
of 190 American patients with ARRP, in 64 Japanese patients with
isolate RP, as well as in 13 patients found previously to show
linkage between recessive retinal degeneration and the NEK2
region. However, other than known polymorphisms (rs1056729,
1s12031285, and rs45623136), we found only a few isolated het-
erozygous missense variants (p.R26Q, ¢.77G>A; p.V137l,
c.409G>A; p.I265V, ¢.793A>G; p.N189S, ¢.566A>G; and p.
K103E, ¢.307A>G; none were present in dbSNP) insufficient to
account for ARRP. Notably, an additional Japanese male with
ARRP was found to carry the same frameshift variant p.L.206fs,
but heterozygously, with no other variants in the NEK2 coding
sequence. This same patient (R51) was later found to carry
the retinitis pigmentosa GTPase regulator (RPGR) mutation
¢.2405_2406delAG; p.E802fs (Human Gene Mutation Data-
base entry: CD004115), described previously to be a sufficient
cause of RP (12).

In light of a recent study reporting the involvement of non-
coding RNA in the pathogenesis of retinal degeneration in mice
(13), variants in noncoding RNA were also analyzed. After the
removal of variants observed in 52 publicly available control
genomes, only isolated heterozygous variants each with one entry
per gene remained, insufficient to account for ARRP.

nek2 Inactivation and Rescue in Zebrafish. To validate the patho-
genic role of NEK2 deficiency in RP, we suppressed the sole
ortholog of NEK2 in zebrafish embryos and asked whether this
manipulation might give rise to photoreceptor phenotypes. Upon
injection of 6 ng of nek2 splice-blocking morpholino, we ob-
served gross ocular defects, including microphthalmia and en-
larged eye sockets in 5-d postfertilization (dpf) morphant (MO)
embryos (Fig. 44). Whereas 63% of MO embryos displayed such
phenotypes, only 21% of embryos expressing both MO and wild-
type human NEK2 mRNA did, suggesting that the ocular pheno-
types are specific to the nek2 suppression (P < 0.001) (Fig. 4B).
We next asked whether, in addition to overt structural ab-
normalities that may not directly inform the involvement of this
gene to RP in humans, suppression of nek2 might also give rise
to photoreceptor defects consistent with those of patients with
ARRP. We therefore embedded and paraffin sectioned control
and MO embryos. In addition to the small eye phenotype, we
detected alterations in the photoreceptor layer. Specifically, after
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Fig. 3. Cosegregation analyses. All mutations analyzed cosegregated with
the disease according to an autosomal recessive pattern of inheritance.
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Fig. 4. In vivo functional evaluation of nek2 loss in zebrafish. (A) Bright-
field representation of 5-dpf control and nek2 morphant zebrafish embryos.
Magnified Insets highlight ocular phenotypes including microphthalmia and
enlarged eye sockets (marked by the black asterisk). (B) Ocular phenotypes
including microphthalmia and enlarged eye sockets vs. normal phenotypes
(red bars and blue bars, respectively) are quantified in control and nek2
morphant embryos, as well as in morphant animals rescued with human WT
NEK2 mRNA. Asterisks indicate statistically significant differences between
groups (P < 0.001). (C) Histology of control and nek2 morphant embryos also
show enlarged eye sockets (marked by black asterisks) and microphthalmia.
Magnified Insets show a decrease in the number of photoreceptors with
apparent changes in domains of condensed chromatin (white asterisks). C,
cones; R, rods. (D) Immunohistochemical analyses of retinal cryosections
from control and nek2 MO embryos, stained with DAPI {(blue) and the 4D2
antibody against rhodopsin (green). Suppression of nek2 results in the depletion
of rods and in the mislocalization of rod opsin from the outer segment (OS) of
photoreceptors. INL, inner nuclear layer; ONL, outer nuclear layer. (F) TUNEL
immunofluorescent images of 4-dpf embryos, showing an increase in the
number of apoptotic cells in nek2 morphant embryos. The dotted ovals indicate
the position of the eye. A, anterior; D, dorsal; P, posterior; V, ventral.

serial sectioning of 10-20 embryos injected with sham, MO, or
MO + human NEK2 mRNA, we observed a persistent decrease
in the number of photoreceptors with large central domains of
condensed chromatin. This phenotype was seen in all nek2 MO
embryos evaluated, but was absent from embryos injected with
either sham or MO + human NEK2 mRNA, suggesting a loss of
rod photoreceptors specific to the suppression of nek2 (Fig. 4C
and ST Appendix, Fig. S5). To verify this observation, we used a
rhodopsin (4D2) antibody to stain retinal cryosections from em-
bryos injected with sham, MO, or MO + human NEK2 mRNA
(Fig. 4D and ST Appendix, Fig. S5). Immunohistochemical analyses
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of cross-sections from each condition demonstrated that the
suppression of nek2 resulted in the depletion of ~24% of 4D2-
positive rod photoreceptors. In addition, mislocalization of
rod opsin throughout the photoreceptor cells was evident in the
central retina of nek2 MO specimens, consistent with the hy-
pothesis that nek2 is required for the appropriate trafficking of
rhodopsin to the outer segments (Fig. 4D).

Further, to ask whether apoptosis, a major mechanism of
photoreceptor loss in most known forms of RP (14), might ac-
count for some of the observed loss of photoreceptors, we per-
formed TUNEL analysis. Masked scoring of embryos (~50
embryos per injection mixture) revealed a sevenfold increase in
the number of TUNEL-positive cells in the eye and head region
of nek2 morphant embryos. By sharp contrast, we did not ob-
serve more than 1-10 TUNEL-positive cells in embryos injected
with MO + NEK2 mRNA (Fig. 4F).

Finally, we were intrigued by the discovery of a heterozygous
frameshift variant p.L206fs in NEK2 and the bona fide RPGR
mutation p.E802fs in a patient with RP. We therefore asked
whether the RPGR variant may interact genetically with the
NEK?2 locus. To test this possibility, we coinjected subeffective
doses of the nek2 MO and rpgr MO and compared embryos with
single or double MO (n > 100 at subeffective doses). Approxi-
mately 28% of embryos carrying subeffective doses of both nek2
and rpgr MO revealed ocular (P < 0.001) and rod photoreceptor
phenotypes (serial sectioning of 10 embryos per genotype) that
exceeded the number of affected embryos induced by either nek2
(3%) or mpgr (10%) MO alone, suggesting that the RPGR allele
interacts in trans with the NEK2 locus to exacerbate photore-
ceptor defects (ST Appendix, Fig. 86).

Discussion

Massively parallel sequencing has proven to have a high poten-
tial to detect mutations in patients with rare Mendelian diseases
(15). To date, most reports focus on monogenic conditions with
no genetic heterogeneity, for which mutations can be recognized
from benign variants since they invariantly affect the same gene
in different patients.

In this study, we explored the efficacy of WGS in identifying
mutations in unrelated patients from diverse ethnic backgrounds
and presenting with a disease that is clinically the same but that
has different genetic drivers. Whereas the small number of
genomes analyzed in this study precludes an accurate analysis of
quantitative measures, such as sensitivity of the WGS to detect
mutations in known RP genes, we observed a few features that
allowed us to make some valid comparisons between the dif-
ferent techniques currently available for genetic diagnosis. First,
the majority of the pathogenic mutations identified were never
reported before. This implies that tools that rely on systematic
search for known pathogenic variants, both via mutation-cen-
tered resequencing and chip-based hybridization, may not be
adequate for ARRP. Second, thanks to full-genome data, we
detected complex structural variants whose junctions were lo-
cated deep in noncoding regions. Because of their nature, these
disease-causing variants would have been invisible to standard
screening methods, or even to WES. Coverage-based analysis of
CNV in exome sequencing has been attempted, with variable
results. Limitations of this approach include the uneven effi-
ciency of target DNA capture (and hence sequence coverage, on
which assessment of number of copies is based) over different
probes and, above all, the low probability of detecting junctions
defining the SVs, which are more likely to be found in the
nonexonic sequences composing ~98% of our genome. Un-
ambiguous detection of abnormal junctions and mate pair in-
formation are crucial parameters in defining a SV; for instance,
they allow distinguishing a tandem duplication from an inverted
one. Third, because we had access to the full wealth of genomic
information, we could integrate many sources of information
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at once (e.g., SNP genotypes, phasing, etc.) that allowed us to
accurately filter DNA variants that were related to the disease.

Genetic defects in EYS were proposed recently to be one of
the major causes of ARRP in the Japanese population (16). We
found that one of the pathogenic EYS alleles was a large SV (446
kb) with a complex genomic rearrangement. This finding sup-
ports the notion that SVs represent frequent pathogenic mu-
tations in this gene (17). A homozygous nonsense mutation in
exon 6 of DFNB31 was identified in R18, a patient with non-
syndromic ARRP. The DFNB31 gene encodes whirlin, a PDZ
scaffold protein with expression in both hair cell stereocilia and
retinal photoreceptor cells. Whirlin binds to the protein encoded
by USH24 (18), a gene associated with both Usher syndrome
type II (ARRP accompanied by hearing loss) and nonsyndromic
ARRP (19). Whereas mutations in DFNB31 have been re-
ported as rare causes of Usher syndrome type II (20, 21), no
DNA changes in its sequence have yet been associated with
nonsyndromic ARRP. However, at the age of 66, the past medical
history of this patient was significant for only hyperlipidemia and
she did not report any hearing loss. We could not perform an
auditory examination because she was no longer reachable.

In patients from consanguineous families, regions of IBD
allowed restricting the search for pathogenic mutations to only a
fraction of the genome. However, these same regions were sus-
ceptible to carrying other rare but nonpathogenic homozygous
changes as well. Indeed, a higher number of candidate genes/
mutations remained among Japanese patients with parental con-
sanguinity compared with those without it (SI Appendix, Table S4).
These results suggest that even if the analysis should be restricted
to areas of IBD, genomes with high homozygosity do not necessarily
offer an extra advantage in mutation detection, when compre-
hensive genomic sequencing in single individuals is performed.

In three patients we identified clear-cut pathogenic but het-
erozygous mutations in known ARRP genes that could not be
associated directly with the disease. This was particularly evident
for patient R14, who carried a heterozygous frameshift in
DFNB31 but was also homozygous for a mutation inactivating
PDE6B (22). These findings are not surprising, given the ele-
vated number of recessive ARRP mutations that are predicted to
be present in the general population. Based both on theoretical
assessments and on experimental data from control cohorts, we
estimated that 1 in 3-7 individuals could be potential heterozy-
gous carriers of an ARRP mutation (23, 24) or, as in the present
case, 3 in 16.

The reasons why no candidate mutations of similar quality
(i.e., two mutations, at least one of them being clearly deleterious
in nature) to those revealed in known RP genes was uncovered in
most of the unresolved genomes are unknown. Explanations for
this observation may include the presence of variants or SVs that
were undetected because of problems inherent in the mapping
or sequencing procedure, or of less obvious pathogenic changes
that alter splicing or transcription. These would include variants
located in introns or in promoter regions, synonymous changes,
or changes lying within important yet unannotated exons, genes,
or genetic elements that have not been explored in the current
study. Diseases caused by oligogenic modes of inheritance, or
perhaps attributable to missense mutations for which efficient
prioritization is difficult, is another possible explanation. De novo
mutations in unknown dominant RP genes could also be evoked.

The search for mutations in unknown disease-causing genes
revealed a number of genes with two nonsynonymous changes,
which were mostly previously undescribed missenses. Applica-
tion of more stringent filtering criteria by imposing the presence
of at least one deleterious mutation followed by targeted anno-
tation highlighted a single candidate, NEK2, in a Japanese patient
who carried a homozygous frameshift in this gene. The serine/
threonine-protein kinase NEK2 is known to play an important
role in regulation of cell cycle progression through localization
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to the centrosomes and interaction with microtubules (25). The
identified frameshift would result either in the creation of pre-
mature stop codon yielding a null allele or (less likely) a truncated
protein lacking kinase activity and loss of microtubule binding.
Importantly, defects in members of the Nek kinase family have
been linked to impaired ciliogenesis and polycystic kidney disease
(26). Recently, a role for Nek2 in the left-right patterning of vital
organs (a phenotype associated with ciliary function) was estab-
lished in Xenopus laevis (27). In the same work, in situ hybrid-
ization revealed the expression of nek2 transcripts in the eye (27).
Furthermore, because NEK?2 interacts with and can phosphorylate
rootletin, a component of photoreceptor cilia (28, 29), NEK2 was
considered to be an important candidate for ARRP.

Our zebrafish studies showed that lack of Nek2 induces micro-
phthalmia as a gross morphological phenotype. More importantly,
in nek2 morphants, we observed mistrafficking of rhodopsin, a
hallmark of photoreceptor disease (30), and a reduced number of
rod photoreceptors, likely via apoptotic processes. These pheno-
types were rescued by injection of wild-type human NEK2 mRNA,
validating the specificity of the induced defects. Microphthalmia
is a phenotype that is difficult to interpret in the present context
but that is not uncommon to zebrafish models of RP (31, 32).
Meanwhile, photoreceptor death, mistrafficking of rhodospsin,
and reduction of the outer retinal layers are classical features of
RP in both patients and animal models (7, 14, 33). Indeed, no
microphthalmia was noted in patient R19.

Intriguingly, the NEK2 frameshift identified in R19 was also
present in R51, another patient with RP who had a deleterious
mutation in RPGR. As the RPGR mutation in itself could explain
the disease, an obvious question was whether the NEK2 mutation
might in fact represent a common benign allele. We therefore
searched for this variant in 1,273 control Japanese individuals
and found that none carried it (allele frequency <3.9 x 107%).
The p.L206fs mutation in NEK2 is therefore exceedingly rare,
such that its presence in a homozygous state in a patient is
a strong argument in favor of its being an uncommon cause for
ARRP. Although it is possible to attribute the presence of both
NEK2 and RPGR mutations in R51 to chance, a more parsi-
monious explanation is that mutations in these two genes, both
expressed in the connecting cilium, act synergistically to define
a severe RP phenotype, due to the established principles of
mutational load and oligogenic interactions of pathogenic alleles
(34). In turn, this would increase the likelihood for the patient
of being examined at earlier ages and analyzed genetically. Mul-
tiple genetic modifier genes have been reported for cilia-encoding
genes and especially for RPGR (35). These modifiers may account
in part for the wide phenotypic spectrum associated with genetic
defects in this gene, ranging from localized macular atrophy to
retinitis pigmentosa of variable severity. To investigate the possi-
bility of the cooperative effect between deficiencies in these two
ciliary genes, we performed in vivo genetic interaction studies
and showed that loss of Rpgr function can exacerbate Nek2
ocular phenotypes, including defects comprising the trapping
of rhodopsin in the inner segment. Taken together, our genetic
and functional data indicate that NEK2 is a disease gene and that
the retinal phenotype that results from its deficiency may repre-
sent a newly recognized ciliopathy.

To date, WGS has not been as widely explored as WES in the
context of mutation detection. This can be attributed mainly to
cost-related issues, because WGS is at least twice as expensive as
WES procedures ensuring the same average coverage. We be-
lieve that the additional features displayed by WGS are worth
the difference in price; however, this is a rather subjective matter
that also depends on the disease that is being investigated. In the
present case, WGS was essential to identify two pathogenic struc-
tural variations originating in introns. This is a significant finding,
considering that only seven genomes could undergo SV analysis.
Therefore, as a general rule, WGS is probably the strategy of
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choice when detection of structural variants or mutations in non-
coding regions represents an important element of investigation.
In the long term, considering that costs associated with massively
parallel sequencing technology is expected to fall further and that
analysis pipelines continue to evolve, it is probable that WGS
would be just as workable economically and physically as WES.
Limitations of WGS include the requirement of high-quality
DNA to explore the full leverage of the mate-pair mapping and
the lack of reliable pipelines to detect SVs ranging in size from
50 to a few hundred base pairs. Unexpectedly, the difficulty ac-
companied by handling the large amount of data produced by
WGS was not a significant obstacle, given the power of desktop
computers presently available on the market. Whereas samples
with suitable quality could be obtained through careful prepa-
ration of fresh DNA samples, under detection of SVs may be a
more problematic issue to solve. This occurs because current
mapping is based on two steps: mapping of the short reads aimed
at detecting variations between 1 and 50 bp and mate-pair map-
ping for detection of SVs larger than a few hundred bases; to our
knowledge, a solution that could fill the gap between these two
mapping approaches remains to be found.

In conclusion, in this study we identified clear-cut causative
mutations among the overwhelming number of DNA variants
present in the human genome, in single patients from genetically
diverse populations. This happened without ambiguities in a highly
heterogeneous disease, ARRP, and in more than 50% of the in-
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dividuals analyzed. Furthermore, two cases presented mutations
involving noncoding parts of the genome. Considering that the
majority of patients referred for molecular genetics diagnosis are
isolated individuals, our results are relevant not only to basic re-
search, but also to future clinical genetic testing.

Methods

Our research protocol involving humans and animals was approved by the
institutional review boards of our respective universities and organizations.
Written informed consent for providing medical information and blood
samples was obtained from each patient. Experimental procedures are de-
scribed in detail in S/ Appendix, Methods.
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De Novo Mutations in GNAOT, Encoding a Ga,, Subunit of
Heterotrimeric G Proteins, Cause Epileptic Encephalopathy

Kazuyuki Nakamura,!.2¢ Hirofumi Kodera, 1.9 Tenpei Akita,3.° Masaaki Shiina,4 Mitsuhiro Kato,2
Hideki Hoshino,> Hiroshi Terashima,> Hitoshi Osaka,é Shinichi Nakamura,” Jun Tohyama,?

Tatsuro Kumada,3 Tomonori Furukawa,3 Satomi Iwata,3 Takashi Shiihara,219 Masaya Kubota,s
Satoko Miyatake,! Eriko Koshimizu,! Kiyomi Nishiyama,! Mitsuko Nakashima,! Yoshinori Tsurusaki,!
Noriko Miyake,! Kiyoshi Hayasaka,? Kazuhiro Ogata,* Atsuo Fukuda,® Naomichi Matsumoto,1*

and Hirotomo Saitsul:*

Heterotrimeric G proteins, composed of «, B, and y subunits, can transduce a variety of signals from seven-transmembrane-type
receptors to intracellular effectors. By whole-exome sequencing and subsequent mutation screening, we identified de novo hetero-
zygous mutations in GNAOI, which encodes a Go,, subunit of heterotrimeric G proteins, in four individuals with epileptic enceph-
alopathy. Two of the affected individuals also showed involuntary movements. Somatic mosaicism (approximately 35% to 50% of
cells, distributed across multiple cell types, harbored the mutation) was shown in one individual. By mapping the mutation onto
three-dimensional models of the Go subunit in three different complexed states, we found that the three mutants (c.521A>G
[p.Asp174Gly], c.836T>A [p.lle279Asn], and ¢.572_592del [p.Thr191_Phel197del]) are predicted to destabilize the Go subunit fold.
A fourth mutant (c.607G>A), in which the Gly203 residue located within the highly conserved switch II region is substituted to
Arg, is predicted to impair GTP binding and/or activation of downstream effectors, although the p.Gly203Arg substitution might
not interfere with Gu binding to G-protein-coupled receptors. Transient-expression experiments suggested that localization to the
plasma membrane was variably impaired in the three putatively destabilized mutants. Electrophysiological analysis showed that
Gu,-mediated inhibition of calcium currents by norepinephtine tended to be lower in three of the four Gu, mutants. These data
suggest that aberrant Go,, signaling can cause multiple neurodevelopmental phenotypes, including epileptic encephalopathy and
involuntary movements.

Introduction

Epileptic encephalopathy is a group of neurological disor-
ders characterized by severe and progressive cognitive and
behavioral impairments, which are most likely caused or
made worse by epileptic activity.! Ohtahara syndrome
(OS [MIM 308350 and 612164]) is the most severe and
the earliest form of epileptic encephalopathy and is charac-
terized by tonic spasms mainly in the neonatal period,
seizure intractability, and a suppression-burst pattern on
electroencephalography (EEG).> De novo mutations in
three genes, ARX (MIM 300382), STXBP1 (MIM 602926),
and KCNQ2 (MIM 602235), have been reported in individ-
uals with 08.>-°

Heterotrimeric guanine-binding proteins (G proteins)
are composed of «, B, and y subunits. In its basal state,
Go is bound with guanosine diphosphate (GDP) and forms
the Gapy complex. When a seven-transmembrane-type
receptor binds its agonist, it activates G proteins by cata-

lyzing the exchange of GDP for guanosine triphosphate
(GTP) on the Ga subunit. Subsequently, GTP-bound Ga.
dissociates from Gpy, and each of the two complexes acti-
vates distinct downstream effectors.” In mammals, Go sub-
units are divided into four classes: Gayo, Gag/11, Gas, and
Goayz13.” Ga,, encoded by GNAOI (MIM 139311), is
extremely abundant in brain tissue, where it can constitute
up to approximately 0.5% of membrane protein,® suggest-
ing important roles in brain function. In fact, mice lacking
Go,, show multiple neurological abnormalities, including
generalized tremor, occasional seizures, severe motor-
control impairment, hyperalgesia, and behavioral abnor-
malities with early postnatal lethality.”'°

In this study, de novo GNAO1I mutations were identified
in four epileptic-encephalopathy-affected individuals,
three of whom were diagnosed with OS. In addition, two
of the four individuals showed involuntary movements,
suggesting that aberration of Go, can cause multiple
neurodevelopmental phenotypes.
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Subjects and Methods

Subjects

Twelve individuals with OS were previously analyzed by whole-
exome sequencing (WES).**! In addition, we analyzed parental
samples from 5 of the 12 individuals by WES. Screening for
GNAOI1 mutations was performed in 367 individuals with
epileptic encephalopathy (including 62 OS cases) by high-
resolution-melting (HRM) analysis (339 cases) and/or WES (100
cases). The diagnosis was made on the basis of clinical features
and characteristic patterns on EEG. Experimental protocols were
approved by the institutional review board of Yokohama City
University School of Medicine and Yamagata University Faculty
of Medicine. Informed consent was obtained from the families
of all individuals.

DNA Samples

Genomic DNA was obtained from peripheral-blood leukocytes by
standard methods. For detection of a mosaic mutation in indivi-
dual 2, genomic DNA from saliva and nails was isolated with an
Oragene DNA kit (DNA Genotek) and an ISOHAIR kit (Nippon
Gene), respectively.

WES

Genomic DNA was captured with the SureSelect Human All Exon
v.4 Kit (Agilent Technologies) and sequenced with four samples
per lane on an Illumina HiSeq 2000 (Illumina) with 101 bp
paired-end reads. Image analysis and base calling were performed
by Sequencing Control Software with Real-Time Analysis and
CASAVA software v.1.8 (Illumina). Exome data processing, variant
calling, and variant annotation were performed as previously
described.*** Reads were aligned to GRCh37 with Novoalign
(Novocraft Technologies). Duplicate reads were removed with
Picard, and local realignments around indels and base-quality-
score recalibration were performed with the Genome Analysis
Toolkit (GATK).'* Single-nucleotide variants and small indels
were identified with the GATK UnifiedGenotyper and were filtered
according to the Broad Institute’s best-practice guidelines v.3.
Not flagged as clinically associated, variants registered in
dbSNP135 were filtered. Filter-passed variants were annotated
with ANNOVAR.!* Pathogenic mutations detected by WES were
confirmed by Sanger sequencing.

Mutation Screening

Genomic DNA was amplified with an illustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare). Exons 1-8 covering the GNAOI
coding region of two transcript variants (transcript variant 1,
RefSeq accession number NM_020988.2, encoding Gotsy; tran-
script variant 2, RefSeq accession number NM_138736.2, encod-
ing Gu,p) were screened by HRM analysis. The last two exons differ
between the transcript variants. HRM analysis was performed with
a Light Cycler 480 (Roche Diagnostics). Samples showing an
aberrant melting curve in the HRM analysis were sequenced.
PCR primers and conditions are shown in Table S1, available
online. All mutations not present in publically available databases
were verified with original genomic DNA and were searched for in
the variant database of our 408 in-house control exomes.

Deep Sequencing of a Mosaic Mutation
PCR products (length 178 bp) spanning the c.521A>G mutation
were amplified with the use of blood, saliva, and nail DNA samples

from individual 2 and blood DNA samples from her parents as a
template. Adaptor ligation, nick repair, and amplification were
performed with the Ion Xpress Plus Fragment Library Kit (Life
Technologies) according to the manufacturer’s protocol (part no.
4471989 Rev. B). Indexing was carried out with the Xpress Barcode
Adapters 1-16 Kit (Life Technologies). Emulsion PCR and enrich-
ment steps were carried out with the Ion OneTouch 200 Template
Kit v.2 (Life Technologies) according to the manufacturer’s pro-
tocol (part no. 4478371 Rev. A). Sequencing of the amplicon
libraries was carried out on the Ion Torrent Personal Genome
Machine (PGM) with the Ion 314 sequencing chip and the Ion
PGM 200 Sequencing Kit (Life Technologies) according to the
recommended protocol (part no. 4474246 Rev. B). Torrent Suite
2.2 was used for all analyses. The percentage of mosaicism was
examined with the Integrative Genomics Viewer,'>¢

Expression Vectors

A full-length human GNAOI cDNA clone (transcript variant 1,
encoding Gao1) was purchased from Kazusa DNA Research
Institute. Human GNAOI ¢DNA was inserted into a pEF6/V5-
His-C vector for the introduction of a C-terminal V5 epitope
(Life Technologies). Site-directed mutagenesis using a KOD-Plus-
Mutagenesis kit (Toyobo) was performed for generating GNAOI
mutants, including ¢.521A>G (p.Aspl174Gly), ¢.572_592del
(p.Thel191_Phel97del), c.836T>A (p.lle279Asn), and c.607G>A
(p.Gly203Arg). A c.607_609delinsACA (p.Gly203Thr) mutant, in
which GTP binding was reversible in contrast to the WT,Y7 was
also generated to serve as the known loss-of-function mutant.*®
All variant cDNAs were confirmed by Sanger sequencing.

Immunofluorescence Microscopy

Mouse neuroblastoma 2A (N2A) cells were grown as previously
described.* N2A cells on glass coverslips were transfected with
200 ng of plasmid DNA with the use of X-tremeGENE 9 DNA
Transfection Reagent (Roche Diagnostics). After 24 hr, cells were
fixed in PBS containing 4% paraformaldehyde for 15 min and
permeabilized in PBS containing 0.1% Triton X-100 for 5 min.
Cells were then blocked with 10% normal goat serum for
30 min. V5-tagged Go,q was detected with a mouse VS antibody
(1:200 dilution; Life Technologies) and Alexa-488-conjugated
goat anti-mouse IgG (1:1000 dilution; Life Technologies).
Coverslips were mounted with Vectashield (Vector Laboratories)
that contained DAPI and were visualized with an inverted
FV1000-D confocal microscope (Olympus).

Structural Modeling and Free-Energy Calculations

We used FoldX software (version 3.085) to construct mutated
molecular structures and calculate the free-energy changes caused
by the mutations.” We used crystal structures of the GDP-bound
inactive GayBy heterotrimer (Protein Data Bank [PDB] 1GG2),%°
the nucleotide-free GasBy in complex with agonist-occupied
monomeric B2 adrenergic receptor (32AR) (PDB 3SN6),%! and the
transition-state analog of GTP (GDP*AIF,;")-bound Gog in com-
plex with its effector phospholipase C-f (PLCB) (PDB 30HM)??
as three-dimensional structure models of the Ga, subunit in
different complexed states. Fach of the mutations, corresponding
to p.Asp174Gly, p.Ile279Asn, or p.Gly203Arg in the human Go,
subunit, was introduced into the Ga subunit of each complex,
and the free-energy change upon the mutation was calculated
with FoldX software. Note that ligands included in the complexes
were ignored in the calculation because the FoldX energy function
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12 3 4 56 7 8 Figure 1. De Novo GNAOT Mutations in
) I z | P | [ lI:j . Individuals with Epileptic Encephalopathy
5 3
Variant 2 [%F v [ 4 { P 7 s Schematic representation of GNAOI,
Variant1 s d; ” | P | 1] | kr 5 incuding two transcript variants: tran-
| “ | “ [ [ | ?E script variant 1 (RefSeq NM_020988.2)
///7’ \ with nine exons and transcript variant 2
) o (RefSeq NM_138736.2) with eight exons.
Individual 2 Individual 3 Individual 4 Individual 1 The UTRs and coding regions are shown
c.521A>G ¢.572_592del ¢.807G>A €.836T>A in white and black rectangles, respectively.
(p.Asp174Gly) (p.Thri81_Phe197del) (p.Gly203Arg) (p.lle279Asn) Three mutations occurred in common
| exons of two transcript variants, and one
¥ mutation occurred uniquely in transcript
variant 1. Note that the electropherogram
{ of individual 2 suggested mosaicism of
TTCACMTSQ CGTchAGG the ¢.521A>G mutation, and a heterozy-
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does not consider the contribution of ligands. The calculation was
repeated three times, and the resultant data were presented as an
average value with a SD.

Electrophysiology

For electrophysiological recording of calcium currents, we used
NG108-15 cells transfected with individual GNAOI mutants.
Expression vectors were introduced by electroporation with the
Lonza Nucleofector device and the Cell Line Nucleofector Kit V
(Lonza) according to the manufacture’s protocol (program
X-023). Two micrograms of plasmid DNA was used per transfec-
tion. The transfected cells were plated on poly-L-lysine-coated
plastic coverslips (Cell Desk LE, MS-0113L; Sumitomo Bakelite) at
a density of about 5 x 10* cells/cm? and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). One day after transfection, the cells were
differentiated with DMEM supplemented with 10 pM prosta-
glandin E1, 50 uM IBMX, and 1% FBS for 3-7 days before
recording. During the culture period, half of the medium was
changed every other day.

The recording was made by the perforated whole-cell patch-
clamp technique with amphotericin B. Cells on coverslips were
perfused under an Olympus BX51W upright microscope
(Olympus) with a bath solution containing 140 mM NaCl,
5 mM CaCl,, 4 mM KCl, 1 mM MgCl,, 10 mM HEPES, 10 mM
TEACI, 8 mM glucose, and 0.0002 mM tetrodotoxin (pH 7.3
adjusted with NaOH). The patch pipette solution contained
100 mM CsCl, 10 mM EGTA, and 40 mM HEPES (pH 7.3 adjusted
with CsOH). Amphotericin B was added to the pipette solution at
2 pl/ml just before the experiments. The pipettes were fabricated
from borosilicate glass capillaries and had a resistance of 4-8 MQ
when backfilled with the amphotericin-B-containing pipette solu-
tion. The recording was started when the series resistance was
reduced to <150 MQ after gigaseal formation and clear cellular
capacitive surges had appeared. Voltage-gated calcium currents
were elicited by the application of 50 ms depolarizing pulses
to +10 mV from the holding potential of —65 mV, recorded
with a Multiclamp 700B (Molecular Devices) controlled via

RLFDVGGORSE
KLFDVGGORSE
KLFDVGGQRSE

LFEEKIKKSPL

pCLAMP10 software (Molecular Devices),
filtered at 2 kHz, and sampled at 10 kHz
with 50% compensation for series resis-
tance. Gao-mediated current inhibition was elicited by the
application of 10 uM norepinephrine via the bath solution. After
3-5 min, inhibition was assessed by measurement of the changes
in current density just before the end of the depolarizing pulses.
Recordings were made at room temperature.

Statistical multiple comparisons were made with ANOVA
followed by Dunnett’s post hoc test, and the threshold p value
for judging statistical significance was 0.05. The current inhibition
induced by norepinephrine in individual mutant-expressing
cells was assessed with a paired t test. The results are given as the
mean + SEM.

Results

GNAOI1 Is Mutated in Individuals with Epileptic
Encephalopathy

We previously performed WES of 12 individuals with
08.>! In this study, we analyzed parental samples from
5 of the 12 individuals by WES (mean RefSeq read depth
of 109) to systematically screen de novo or recessive
mutations. We found no recessive mutations in
SLC25A22 (MIM 609302), PNPO (MIM 610090), PNKP
(MIM 613402), PLCB1 (MIM 613722), or ST3GAL3 (MIM
615006), whose mutations were previously found in
epileptic encephalopathy,>*2’ but we did find one or
two de novo mutations in each of the five trio exomes.
Among them, a de novo missense mutation (c.836T>A
[p.lle279Asn]) in GNAOI at 16q12.2 was identified in
individual 1. In the exome data of the other seven original
individuals, we also found in individual 2 a second
missense mutation (c.521A>G [p.Asp174Gly]), which
was confirmed as a de novo event by Sanger sequencing
(Figure 1). Moreover, GNAOI mutation screening in 367
individuals with epileptic encephalopathy by HRM
analysis (339 individuals) and/or WES (100 individuals,
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