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ORIGINAL ARTICLE

Mutations in MYOTH cause a recessive form of
central hypoventilation with autonomic dysfunction

Malte Spielmann, " Luis R Hernandez-Miranda,” Isabella Ceccherini,’
Debra E Weese-Mayer,>® Bjort K Kragesteen, Izabela Harabula,' Peter Krawitz,?
Carmen Birchmeier> Norma Leonard,” Stefan Mundlos '

ABSTRACT

Background Congenital central hypoventilation
syndrome (CCHS) is a rare life-threatening disorder of
respiratory and autonomic regulation. It is classically
caused by dominant mutations in the transcription
factor PHOX2B. The objective of the present study was
to identify the molecular cause of a recessive form of
central hypoventilation with autonomic dysfunction.
Methods Here, we used homozygosity mapping and
whole-genome sequencing in a consanguineous family
with CCHS in combination with functional analyses in
CRISPR/Cas9 engineered mice.

Results We report on a consanguineous family with
three affected children, all tested PHOX2B mutation
negative, presenting with alveolar hypoventilation
and symptoms of autonomic dysregulation. Whole-
genome sequencing revealed a homozygous
frameshift mutation in exon 25 of the MYOTH

gene (c.2524_2524delA) segregating with the
phenotype in the family. MYOTH encodes for the
unconventional myosin [H, which is thought to
function as a motor protein in intracellular transport
and vesicle trafficking. We show that MyoTh is broadly
expressed in the mouse lower medulla, including the
CO,-sensitive Phox2b+ retrotrapezoid neurons. To
test the pathogenicity of the variant, we engineered
two Myo Th mutant mouse strains: the first strain
(MyoTh*) resembling the human mutation and the
second being a full knock-out (Myo7h™). Whole-
body plethysmography studies in Myoh* newborns
with the re-engineered human mutation revealed
hypoventilation and a blunted response to CO,,
recapitulating the breathing phenotype observed in the
kindred.

Conclusions Our results identify MYOTH as an
important gene in CO, sensitivity and respiratory control
and as the cause of a rare recessive form of congenital
central hypoventilation.

INTRODUCTION

Congenital central hypoventilation syndrome
(CCHS, OMIM: 209880; also known as ‘Ondine’s
curse’) is arare life-threatening autosomal disorder
of respiratory and autonomic regulation.” CCHS
classically manifests in the neonatal period and is
characterised by alveolar hypoventilation during
sleep. A subset of affected children also hypoven-
tilate awake. Cessation of breathing or apnoea is
less typical in CCHS than the apparent hypoven-
tilation. Patients with CCHS require lifelong

artificial ventilation. The most salient aspect of
this respiratory control disorder is the inability
to adjust breathing in response to changing levels
of blood gases, that is, hypercapnia (high levels
of CO,) and hypoxaemia (low levels of OZ).2 The
respiratory phenotype is characteristically asso-
ciated with physiological manifestations of auto-
nomic nervous system dysregulation® * as well as
anatomical manifestations including Hirschsprung
disease (arare disorder that produces aganglionosis
of the distal hindgut) and neural-crest tumours
such as neuroblastomas, ganglioneuromas and
ganglioneuroblastomas.” ¢ Dominant mutations
in the paired like homeobox 2b (PHOX2B) gene
were identified as the most common cause for
CCHS.”” The vast majority of individuals with
CCHS are heterozygous for an abnormal expan-
sion of a polyalanine repeat sequence (polyala-
nine repeat expansion mutations in exon 3 of the
PHOX2B).™® In the remaining CCHS patients,
other distinct non-polyalanine repeat expansion
mutations have also been found in the PHOX2B
gene.’® Most PHOX2B mutations occur de novo,
but up to 25% of families have somatic mutations
and only very few familial cases of CCHS have
germline mosaicism.”” '°

Here, we report on a consanguineous family
with three CCHS-related PHOX2B mutation-neg-
ative children, all presenting with
hypoventilation, apnoea and bradycardia and
various manifestations of autonomic nervous
system dysregulation. We identified a homozy-
gous frameshift mutation in the MYOI1H gene
in the three affected infants. In mice, Myolh is
broadly expressed in the lower medulla including
Phox2b+ neurons of the retrotrapezoid nucleus.
These neurons are CO, sensitive and have been
reported absent in mice carrying the most frequent
human PHOX2B mutation (Phox2b?”*¥*), which
interferes with normal response to hypercapnia.'!
To investigate the potential role of Myolh in
the regulation of breathing, we mutated Myo1lh
in mice by CRISPR/Cas9 genome editing. Mice
with the re-engineered human mutation (Myo1h*
mice) showed severe hypoventilation and blunted
response to CO,, recapitulating the hypoventila-
tion phenotype observed in patients. Collectively,
our data identified MYO1H as an important player
in respiratory control and a cause of a novel reces-
sive form of congenital hypoventilation.

alveolar
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Methods

Subjects and ethics approval

The study was performed with the approval of the Charité
Ethics Committee, Berlin, Germany. Patients were enrolled with
written informed consent for participation in the study. The clin-
ical evaluation included medical history interviews, a physical
examination and review of medical records. Blood samples or
buccal swaps were obtained from each participating individual,
and DNA was extracted by standard procedures.

SNP array genotyping and homozygosity mapping

We performed a genome-wide linkage analysis with homozy-
gosity mapping by using Affymetrix Genome-Wide Human SNP
6.0 arrays and genomic DNA samples from seven members of
the family, namely, the three affected individuals TV:1, IV:2 and
IV:3 as well as the unaffected individuals III:1, III:2, IV:4 and
IV:5. Homozygosity mapping was performed as described.'?

Whole-genome sequencing

Whole-genome sequencing was performed in individual 1V:3.
Briefly, genomic DNA was sequenced on an Illumina HiSeq
2000 Sequencer via a paired-end 100bp protocol.” '* Primary
data were filtered according to signal purity by the Illumina
Realtime Analysis software V.1.8. Subsequently, the reads were
mapped to the human genome reference build GRCh37/hg19
(http://www.genome.ucsc.edu/) using the Burrows-Wheeler
Aligner's Smith-Waterman Alignment (BWA-SW) algorithm.
Mean coverage was 100X in the exome, and 95.6% and 86.4%
of target bases were covered more than 10X and 30X, respec-
tively. Further annotation and filtering for high-quality rare vari-
ants (minor allele frequency <0.1%) with a predicted impact
on protein sequence or splicing were performed as described.'

Sanger sequencing

Validation and cosegregation analyses were performed by Sanger
sequencing on an ABI 3730 DNA Analyzer with BigDye chem-
istry V.3.1.

CRISPR/Cas9 single guide RNA (sgRNA) selection and cloning
sgRNAs were designed to induce point mutations or flanking the
regions to re-arrange. We used the http://crispr.mit.edu/ platform
to obtain candidate sgRNA sequences with little off-target spec-
ificity. Complementary strands were annealed, phosphorylated
and cloned into the BbslI site of pX459 or pX330 CRISPR/Cas9
vector (CRISPR sgRNA sequences are listed in online Supple-
mental table 3).

Embryonic stem (ES) cell culture and transfection

A total of 300000G4 cells (129xCS57BL/6 F1 hybrid ES cells)
were seeded on CD-1 feeders and transfected with 8pug of
each CRISPR construct using FuGENE technology (Promega).
When the construct originated from the pX330, vector cells
were cotransfected with a puromycine-resistant plasmid. PX459
in contrast already contains a puromycine-resistant cassette.
After 24 hours, cells were split and transferred onto DR4 puro-
mycine-resistant feeders and selected with puromycine for 2
days. Clones were then grown for 5-6 more days, picked and
transferred into 96-well plates on CD-1 feeders. After 2days
of culture, plates were split in triplicates, two for freezing and
one for growth and DNA harvesting. Positive clones identi-
fied by PCR or Sanger sequencing were thawed and grown on
CD-1 feeders until they reached an average of 4 million cells.
Three vials were frozen, and DNA was harvested from the rest

of the cells to confirm genotyping. PCR-based genotyping was
performed as previously described.'®

To create a mutation in exon 25 of both Myo1h isoforms, we
designed one sgRINA in exon 25 as close as possible to the muta-
tion observed in the family. We detected compound and homo-
zygous mutations in at least 73 clones (out of 96) and selected
two clones with homozygous frameshift mutations in exon 25
for tetraploid ES cell aggregation. We also identified one hetero-
zygous frameshift mutation. To create a complete knock-out of
Myo1h, we designed one sgRNA in exon 3.

Es cell aggregation

A frozen ES cell phial was seeded on CD-1 feeders, and cells
were grown for 2 days. Mice were generated by diploid or
tetraploid ES cell aggregation.'” All animal procedures were in
accordance with institutional, state and government regulations
(Berlin: LAGeSo).

In situ hybridisation and immunohistochemistry

Insitu hybridisation for Myo1h was carried out on wild-type (WT)
embryos (C57/Bl6]) at birth as previously described.’® Primers
use to make Myolh in situ probes are as follows: Myo1h-S-F:
TTCATTCGATTCCCCAGAACCC and Myolh-S-R: CTC
AGCAGATTGGAAGCATTT.  Immunocytochemistry — was
carried out on WT and Myolh* using the following primary
antibodies: rabbit anti-Nk1R (Sigma, catalogue No S8305),
guinea pig and rabbit anti-Phox2b (kindly provided by JF Brunet,
Ecole Normale Superieure, Paris), and guinea pig anti-Islet1/2
(kindly provided by T Jessell, Columbia University, New York).
Pre-Botzinger and retrotrapezoid neurons were systematically
quantified in 20-um-thick consecutive sections using facial and
ambiguus motor neurons as landmarks.

Quantitative real-time PCR analysis

RNA from control mice was isolated using TRIzol (Invitrogen)
in accordance with the manufacturer’s instructions. cDNA was
synthesised using SuperScript Il (Invitrogen). Real-time PCR
was performed with Absolute gPCR SYBR Green mix (AbGene)
on a Biorad C1000 Thermal cycler. Threshold cycle values were
normalised against the housekeeping gene Ube213. The following
primers were used: Ube2l3 Forward:GGTCTGTCTGCCAGT
CATTAGTGC, Ube2l3 Reverse: GGGTCATTCACCAGT
GCTATGAG, Myolh Forward: AGTTCGTAGTGCTTGT-
GAGG and Myo1h_Reverse: GTATGCTGACCTCTGTGTG.

Plethysmography

Unrestrained whole-body plethysmography was performed using
a self-build plethysmograph specifically designed for breathing
analysis of newborn mice.”” It consists of a 20mL Plexiglas
chamber and attached to a pressure transducer that is particularly
sensitive (Validyne DP103-10, Northridge, California, USA).
The chamber was also connected to a Hamilton syringe for pres-
sure calibrations. Plethysmographic recordings were analysed on
Elphy software (developed by G Sadoc at CNRS, Gif-sur-Yvette,
France). For CO, challenges, a gas mixture was composed of
8% CO, and 21% O,, and 71% ., was applied into the chamber.

RESULTS

Family pedigree and clinical phenotype of affected subjects
Five children born to parents with native American background
were included in the cohort. Three of the children (IV:1,
IV:2 and 1V:3) demonstrated an autosomal recessive pattern of
alveolar hypoventilation in the neonatal period characterised by
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Figure 1 A recessive variant of MYO1H is associated with alveolar hypoventilation, apnoea and bradycardia.(A) Pedigree of the family investigated. Black
symbols indicate individuals affected with alveolar hypoventilation. Homozygosity mapping was performed in individuals I1I:1, 1Il:2 and IV:1-5, and whole-
genome sequencing was performed with DNA from individual IV:3 designated with an asterisk (*). (B) Representation of genome-wide homozygosity in

the family following SNP array genotyping with 250k arrays. Homozygosity regions are plotted against the physical position genome wide. Homozygosity
regions on chromosomes 7, 11, 12, 16 and 17 are indicated by the red peaks. (C) All affected individuals carried the homozygous frameshift mutation
€.2524_2524delA (p.R842Gfs*11) in MYOTH on chromosome 12q24.11. Parents and healthy siblings were heterozygous for the variant, which was absent
in healthy controls. (D) MYOTH encodes for the unconventional myosin IH, which is thought to serve in intracellular movements and vesicle trafficking. It
consists of a well-conserved myosin head (MYCs domain), three short calmodulin-binding motifs (1Q) and a highly specific tail (myosin tail). The frameshift
mutation p.R842Gfs* 11 is predicted to result in a truncated protein missing the myosin tail or in a complete loss of function induced by in non-sense
mediated decay.

shallow breathing and apnoea, necessitating mechanical venti- dysfunction and aspiration risk so he was discharge home after
lation during sleep (figure 1A; online Supplemental figure 1). a gastrostomy tube was placed. Deterioration in respiratory
Additionally, all three affected infants had feeding difficulties parameters was documented by polysomnography at 2 months
from the neonatal period with gastro-oesophageal reflux, aspi- with parameters at 5 months showing a mean end-tidal carbon
ration, autonomic features of oesophageal and intestinal dysmo- dioxide of 88 mm Hg with a peak of 95 mm Hg and mean pulse
tility, as well as achalasia leading to feeding by gastrostomy and oxygen saturation of 92% with a nadir of 69%. After a trial of
jejunostomy tubes. Two of the infants progressed to recurrent non-invasive ventilation with bilevel positive airway pressure, he
central apnoea while awake or asleep, and all three lacked venti- underwent tracheostomy and started on nocturnal ventilation at
latory response to high levels of CO,, necessitating tracheostomy 14 months. Gastrostomy tube was placed because of swallowing
and artificial ventilation as life support. dysfunction and aspiration. He was noted to be hypotonic and
Individual IV:1 presented with respiratory symptoms at 5 areflexic. At 8 years of age, he remains on nocturnal ventilation,
months of age. He was well at birth with reported ‘blue spells’ at is able to walk with support and attends school in a programme
home for which medical care was not sought. He was admitted modified for his global developmental delay. A seizure disorder
to the ward with respiratory symptoms for supportive care was identified at 4 years of age, which is well controlled on
where he subsequently had a cardiac arrest and later placed antiepileptic medications.
on extra-corporeal membrane oxygenation for stabilisation. At Individual IV:3 presented at 5 months of age with bron-
6months of age, he underwent tracheostomy and gastrostomy chiolitis requiring intubation and ventilation with a 15-day
tube placement as he failed to improve with respect to ventila- admission to the paediatric intensive care unit. After discharge
tion. He died in the paediatric intensive care unit at 11 months to the ward, she was noted to have apnoea, instability in both
of age after unsuccessful resuscitation with another cardiac respiratory and heart rates, and dynamic muscle tone; 4 days
arrest. No autopsy was performed. after transfer to the ward, she suffered a cardiorespiratory
Individual IV:2 was delivered by caesarean section for non-re- arrest requiring 4 min of cardiopulmonary resuscitation. She
assuring heart rate with Apgar scores of 8 at 1 min and 9 at 5 min was extubated on several occasions with progressively shorter
with mild oxygen desaturations after birth. He underwent a poly- intervals before requiring reintubation for central hypoventila-
somnography at 18 days of age, which showed a mean end-tidal tion and apnoea. At 7 months, a tracheostomy tube was placed
carbon dioxide of 32 mm Hg with a peak of 40 mm Hg and mean for long-term ventilation. She had normal MRI of the head
pulse oxygen saturation of 98% with a nadir of 86%. He had a and brainstem, normal nerve conduction studies and a normal
normal ECG. Oesophageal dysmotility and achalasia were docu- muscle biopsy. Auditory brain responses and EEG showed no
mented on barium swallow with a normal endoscopy, and a head abnormalities. Signs of autonomic dysregulation were prom-
MRI showed no structural abnormalities. He was discharged inent with sinus bradycardia, temperature dysregulation,
home at 1month and returned to hospital 2weeks later with bladder dysfunction requiring chronic catheterisation and
symptoms of bronchiolitis. Polysomnography during this admis- gastrointestinal dysmotility resulting in gastro-oesophageal
sion showed a mean end-tidal carbon dioxide of 48 mm Hg with reflux and chronic constipation. Swallowing dysfunction
a peak of 55 mm Hg and mean pulse oxygen saturation of 96% necessitated gastrostomy tube placement for feeding and even-
with a nadir of 85%. It was determined that he had swallowing tually gastro-jejunal feeding with ongoing failure to thrive. She
756 Spielmann M, et al. ] Med Genet 2017;54:754-761. doi:10.1136/jmedgenet-2017-104765
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had transient pulmonary hypertension with pulmonary hyper-
tensive crises as well as breath-holding spells that resolved in
the first year of life. Her clinical course was complicated by
variable lymphocyte numbers and low lymphocyte responses
potentially contributing to recurrent bacterial and viral infec-
tions. She was discharge from hospital at 3. 5 years of age. At
15 years of age, she is on continuous ventilation with severe
kyphoscoliosis, myopathy and a restrictive lung disease with a
forced vital capacity of 20% of her predicted and developed
a seizure disorder in the last year. She is able to walk short
distances and attends school in a programme modified for her
global developmental delay. She also had mild bilateral stra-
bismus, myopia and astigmatism.

Individual 1V:4 was diagnosed at 2.5 months of age with
regurgitation of feeds and cough. He was hospitalised for
increased work of breathing but did not require oxygen during
the admission. He was confirmed to have swallowing dysfunc-
tion. He experienced subsequent hospitalisations for aspira-
tion pneumonia with no admissions to the intensive care unit.
Overnight oximetry recording showed no evidence of oxygen
desaturation, but polysomnography was not performed. He
is now 12 years of age with his most recently admission to

Myo1h DAPI

Myo1h DAPI

hospital at 8 years of age; a venous carbon dioxide during that
admission was 23 mm Hg. Individual IV:5 is alive and well at
17 years of age with no health concerns.

Homozygosity mapping and whole-genome sequencing
identified a variant in MYOTH

Because of overt hypoventilation in the three affected infants
and concern for diagnosis of an atypical form of CCHS,
PHOX2B testing was performed by Sanger sequencing, micro-
satellite analysis and multiplex ligation-dependent probe ampli-
fication—although no CCHS-related mutations were identified.
We therefore performed homozygosity mapping by SNP array
genotyping and identified five homozygous regions on chromo-
somes 7, 11, 12, 16 and 17 (figure 1B and online Supplemental
table 1).

After whole-genome sequencing of one affected individual
(IV:3) and filtering for rare potentially damaging variants, we
detected six homozygous missense and one frameshift variants in
the homozygous regions. Sanger sequencing of the entire family
confirmed that all variants cosegregated with the phenotype,
but only two missense variants and the frameshift variant were

Islet 1/2

Phox2b

Islet 1/2 Phox2b

Figure 2 Expression of Myo7h in newborn mice. (A, C) In situ hybridisation for Myo7h (green) on different rostral-caudal levels of the lower medulla

of wild-type newborn mice. Sections were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). (A) Myo1h is expressed throughout the

reticular formation (RF) and highly expressed in the facial motor nucleus (nVII). (B) Magnification of the boxed area in A, showing Myo 7h transcripts and

in addition Islet1/2+ (blue) and Phox2b+ (red) immunohistological signals. Motor neurons of the facial nucleus (nVIl) coexpress Myo1h, Islet1/2+ and
Phox2b-+, whereas a subpopulation of retrotrapezoid neurons (RTN) coexpress Myo7h and Phox2b. (B'B") Magnifications of the boxed areas in B. (C) MyoTh
transcripts in the nucleus of the solitary tract (NTS) as well as in the vagal (nX), hypoglossal (nXIl) and ambiguus (NA) motor nuclei. (C'C") Magnifications of
the boxed areas in C showing Myo1h transcripts and in addition Phox2b (red) immunohistological signals in the NTS and nX. (C"'C™") Magnification of the
boxed areas in C showing Myo1h transcripts and in addition Islet1/2+ (red) neurons in nXIl and NA.

Spielmann M, et al. ] Med Genet 2017;54:754-761. doi:10.1136/jmedgenet-2017-104765

757

1ybuAdoo
Aq pe108s101d eniosuo) BiagiapiaH 1BUSISAIUN 1e £Z0Z ‘9 aune uo /wodfwqg-Buwily/:dny wouy papeojumoq *LT0Z 1IsnbBny + Uo §9/0T-/T0Z-18uabpawl/ocTT 0T Se paysignd 1siy 18ua paN ¢


https://dx.doi.org/10.1136/jmedgenet-2017-104765
https://dx.doi.org/10.1136/jmedgenet-2017-104765
http://jmg.bmj.com/

New disease loci

WT
Het
» Hom
delCT
30] _kxk 30
- n.s. -?.’ dedde
) = n.s.
320 E 20
s 2
810 =10
>0 0

*kk
[ Wildtype
[_]Heterozygous
@1.01 DS Nl Myo1h*
]
-
0.5
0

Figure 3  Hypoventilation in MyoTh* newborn mice. (A) Generation of a mouse model harbouring a frameshift mutation in exon 25 of the Myo1h gene
by CRISPR/Cas9 genome editing; the mutation is similar to that identified in patients. (B) Pups carrying the homozygous frameshift mutation (Myo7h*)
displayed strong cyanosis at birth. (C—E) Overall ventilation, tidal volume and Ttot (cycle length duration) of wild-type (n=3), heterozygous (n=6) and
MyoTh* (n=6) mutants at birth. ***p<0.0001 (one-way analysis of variance (ANOVA)). n.s., non-significant (p>0.05, one-way ANOVA).

predicted to be damaging and absent or very rare in controls
cohorts such as Exome Aggregation Consortium (ExAC) and
1000 genomes (online Supplemental figure 1 and Supplemental
table 2). We detected missense variants in LPO (p.R452H) and in
TBX4 (p.V218M). LPO encodes for a lactoperoxidase, which is
secreted from mammary, salivary and other mucosal glands. Inac-
tivation in mice results in abnormalities of lens development.?
The variant p.R452H in LPO is present in 63 healthy individuals
listed in the ExAC database. TBX4 is a transcription factor with
important functions in limb development. During development,
it is specifically expressed in the hindlimb, and inactivation in
mice results in abnormal limbs.** 2! Mutations in TBX4 have been
reported in patients with ischiocoxopodopatellar (small patella)
syndrome (MIM#147891) and childhood-onset pulmonary
arterial hypertension. In addition, TBX4 including overlapping
deletions of 17q23.2 has previously been shown to associate
with with childhood-onset pulmonary arterial hypertension.?**
The heterozygous mutation p.V218M in TBX4 is present in 14
healthy individuals listed in the ExAC database. Even though no
limb abnormalities were observed in the family presented here,
it needs to be considered that the variant in TBX4 (p.V218M)
could also contribute to the phenotype. The homozygous frame-
shift mutation ¢.2524 2524delA in MYO1H (p.R842Gfs*11;
chr12:109879453_109879453delA) was present in all affected
individuals. Their parents (III:1 and III:2) and the two unaf-
fected siblings (IV:4 and IV:5) were heterozygous for the variant,
and it was absent in healthy unrelated control individuals
(figure 1C, D; online Supplemental figure 1).

Evaluation of Myo1h gene function in mice

Given that Myo1h did not have a known function in nervous
system development, we analysed the expression of Myol1h in
newborn WT mice by quantitative RT-PCR and in situ hybri-
disation. At birth, Myo1h was highly expressed in the central
nervous system, including the forebrain, midbrain and lower

medulla (online Supplemental figure 2). In the lower medulla,
Myo1h was broadly expressed throughout the reticular formation
(figure 2). Interestingly, transcripts were detected in Phox2b+
neurons of the retrotrapezoid nucleus and the nucleus of the
solitary tract, as well as motor neurons of the facial, vagal and
ambiguus nuclei (figure 2). The retrotrapezoid nucleus and the
nucleus of the solitary tract play important roles in breathing.?
We thus reasoned that MYO1H was a plausible candidate gene to
be causal of unexplained alveolar hypoventilation.

We used CRISPR/Cas9 genome editing to directly test the
consequences of the detected MYO1H variant.'® 2% In the first
line, named Myo1h*, we designed a sgRNA to target exon 25
in a position similar to the identified MYO1H human mutation.
The sgRNA was transfected into mouse ES cells together with
a construct encoding the Cas9 protein. We identified several
clones carrying homozygous frameshift mutations; the sequence
of a Myo1h* clone that was used to generate the mutant mice
is shown in online Supplemental figure 3. This mutation is
predicted to result in premature termination and non-sense
mediated decay of the two mRNA isoforms produced by the
Myo1h gene (online Supplemental figure 3). Tetraploid ES cell
aggregation was performed to produce highly chimeric mice."®

All highly chimeric mice with the homozygous Myo1h™ muta-
tion mice died in the first four postnatal hours. None of the
animals had milk in the stomach, feeding was not observed. This
provided the first evidence that mutations in Myo1b resulted in
a breathing deficit. We also identified a clone with a heterozy-
gous frameshift mutation (figure 3A) and performed tetraploid
ES cell aggregation.'® *® Heterozygous highly chimeric mice
(Myo1h*'*) mice were viable and fertile and did not display
any breathing deficits. Matings of heterozygous Myo1h*'* mice
produced homozygous (Myo1h') offspring in expected Mende-
lian proportions (25%). Several homozygous mutant (4/12) pups
displayed severe cyanosis already at birth and did not start to
breathe. The remaining (8/12) animals did not display obvious
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Figure 4  Blunted response to CO, in MyoTh* newbom mice. (A, B) Representative plethysmographic traces of control (n=9; breathing behaviour of
wild-type and heterozygous mice was indistinguishable and is shown as controls) and Myo Th* (n=6) mice in normal air (normoxia) or in hypercapnia (8%
C0,). Numbers displayed on the left indicate distinct tested newborn mice. (C) Mean ventilation values in air or 8% CO, (highlighted area) in Myo7h* mice
(black circles, n=6) and control littermates (blue circles, n=9). Each circle represents the mean=SEM over a 205 period. (D) Left, ventilatory responses to
hypercapnia expressed as the percentage of ventilation change relative to the baseline of ventilation, using the formula 100x(peak ventilation—baseline
ventilation)/baseline ventilation. The peak of ventilatory response to hypercapnia was determined over the entire hypercapnic exposure. Middle, percentage
of tidal volume change in response to hypercapnia. Right, percentage of Ttot change in response to hypercapnia. The tidal volume and Ttot change were
calculated by applying the above formula. ***p<0.0001 (two-tailed t-test). n.s., non-significant (p>0.05, two-tailed t-test).

deficits in motor behaviour (8/12), but they deteriorated soon
after delivery and displayed cyanosis (figure 3B). None of the
homozygous mutants fed, and they again died before the fourth
postnatal hour.

Myo1h is essential for breathing control

Since all homozygous Myo1h " mice displayed indications of severe
breathing deficits, we performed plethysmographic recordings
soon after delivery. We observed marked deficits in ventilatory
parameters, such as longer breathing cycles and smaller tidal
volumes in the mutant mice compared with control (WT and
heterozygous) littermates, which led to a 46% reduction of
ventilation in the mutants (figure 3C-E). Next, we assessed the
capacity of homozygous Myo1h™ mice to respond to hypercapnia
(high levels of CO,). In control (WT and heterozygous) mice, a
transient (305s) exposure to 8% CO, in the air activates breathing
by reducing the length of breathing cycles and increasing tidal
volumes, thereby augmenting the ventilatory capacity (figure 4).
This response is reversible, and normal ventilatory parameters
are observed when CO, is removed. In homozygous Myo1h’

mice, exposure to CO, only mildly increased breathing cycle
duration and tidal volume, resulting in an attenuated ventilatory
response to hypercapnia (figure 4). We next evaluated whether
Myo1h™ mutation impaired development of well-characterised
breathing centres, the retrotrapezoid nucleus and pre-Botzinger
complex. Retrotrapezoid and pre-Botzinger neurons were found
in normal numbers in homozygous Myolh* when compared
with control littermates (online Supplementary figure 4). We
concluded that the Myo1h* mutation in mice impairs breathing
and in particular the response to hypocapnia.

Next, we assessed whether the phenotype was the result of a
complete loss of function of MYO1H. To ensure that no func-
tional protein is produced in the homozygous Myo1h™ mutants,
we designed a sgRNA that targeted exon 3 of the Myolh gene
to generate a second mutant strain, called Myo1h™. This sgRNA
produced a frameshift mutation that affected almost the entire
coding sequence of the Myolh protein. Similar to homozygous
Myo1h" mice, all homozygous Myo1h™ mice displayed severe
cyanosis and died within the first four postnatal hours (supple-
mentary file 1) It is therefore likely that the phenotype observed
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in the mutant mice as well as in the described patients with alve-
olar hypoventilation results from a complete loss of MYOTH
function.

Mutations in MYOTH are not a common cause of central
hypoventilation

Finally, we aimed to identify other unrelated individuals with
symptoms of central hypoventilation that might harbour muta-
tions in MYOIH. In a screening of 23 unrelated individuals
with symptoms of central hypoventilation that were negative
for PHOX2B testing, we did not identify any relevant change in
sequence of MYO1H (data not shown).

DISCUSSION

Here, we report on a consanguineous family with three chil-
dren who presented with alveolar hypoventilation, apnoea and
bradycardia in early infancy, as well as altered intestinal motility,
negative for a CCHS-related PHOX2B mutation. Homozygosity
mapping combined with whole-genome sequencing revealed
a homozygous frameshift mutation in the MYOIH gene that
segregated with the clinical phenotype. Thus, our studies in
Myo1h mutant mice identify MYOTH as an important gene in
respiratory control and causative of a recessive form of alveolar
hypoventilation when mutated.

The classical autosomal dominant PHOX2B mutation respon-
sible for the CCHS disorder manifests in the neonatal period,
typically characterised by respiratory arrest during sleep and, in
more severe cases, also in hypoventilation in the awake state.
It is also associated with Hirschsprung disease and neuroblas-
toma.’ * The phenotype in the kindred described here does not
strictly meet the classical criteria for CCHS. The bradycardia
observed in the newly identified kindred is not characteristic of
CCHS, since patients with CCHS do not display bradycardia
with apnoea or hypoventilation, but rather an uncoupling of
heart rate and breathing. The oesophageal and intestinal dysmo-
tility in the affected kindred was suggestive of a CCHS-related
enteric phenotype, but the patients in the kindred did not have
a biopsy-confirmed Hirschsprung disease and their oesopha-
geal dysmotility never recovered despite advancing age. There
were also other confounding features such as kyphoscoliosis,
seizures, global developmental delay and bladder atonia that,
with the exception of seizures and more modest developmental
delay, have also not been described in CCHS. Thus, in addi-
tion to the phenotypes that resemble CCHS, other disorders
present in the kindred are unique and might be unrelated to the
hypoventilation.

MYO1H encodes for the unconventional myosin IH, which
is thought to have a role in intracellular transport and vesicle
trafficking.”” It consists of a well-conserved myosin head (MYCs
domain), three short calmodulin-binding motifs (IQ) and a highly
specific myosin tail that diverges from the ones observed in other
myosins (figure 1D). The tail is thought to bind to cargoes, for
example, vesicles.’® The frameshift mutation R842Gfs*11 is
predicted to encode a protein devoid of the myosin tail and
might also result in non-sense mediated decay of mRNA. The
function of MYO1H had not been characterised previously, but
related genes are known to function in the nervous system, for
example, mutations in MYOIC are associated with bilateral
hearing loss.*' > Given the known function of unconventional
myosins, it is tempting to speculate that mutation of MYOTH
impairs transport processes in neurons. With the exception
of breathing deficits, we did not observe obvious autonomic
nervous system abnormalities in the Myo1h™ or the Myo1h*

mice, but this might be due to their short survival periods which
precluded further functional analyses. In-depth cellular analyses
will be required to determine the precise role of MYO1H in the
nervous system.
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