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Objective: Distinct dominant mutations in the calcium-permeable ion channel
TRPV4 (transient receptor potential vanilloid 4) typically cause nonoverlapping
diseases of either the neuromuscular or skeletal systems. However, accumulating
evidence suggests that some patients develop mixed phenotypes that include
elements of both neuromuscular and skeletal disease. We sought to define the
genetic and clinical features of these patients. Methods: We report a 2-year-old
with a novel R616G mutation in TRPV4 with a severe neuropathy phenotype

and bilateral vocal cord paralysis. Interestingly, a different substitution at the
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same residue, R616Q, has been reported in families with isolated skeletal dys-
plasia. To gain insight into clinical features and potential genetic determinants

of mixed phenotypes, we perform in-depth analysis of previously reported
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patients along with functional and structural assessment of selected mutations.
Results: We describe a wide range of neuromuscular and skeletal manifestations
and highlight specific mutations that are more frequently associated with over-

lap syndromes. We find that mutations causing severe, mixed phenotypes have
an earlier age of onset and result in more marked elevations of intracellular cal-

cium, increased cytotoxicity, and reduced sensitivity to TRPV4 antagonism.
Structural analysis of the two mutations with the most dramatic gain of ion
channel function suggests that these mutants likely cause constitutive channel
opening through disruption of the TRPV4 S5 transmembrane domain. Inter-
pretation: These findings demonstrate that the degree of baseline calcium eleva-
tion correlates with development of mixed phenotypes and sensitivity to
pharmacologic channel inhibition, observations that will be critical for the
design of future clinical trials for TRPV4 channelopathies.

Introduction

Mutations in the transient receptor vanilloid 4 gene
(TRPV4), encoding a polymodal, mechanically sensitive
Ca** channel, are associated with several disease pheno-
types that can be classified into two groups: neuropathies
and skeletal disorders.' The former includes a spectrum
of hereditary neuropathies with either sensorimotor or

exclusively motor involvement and that are frequently
associated with vocal cord paresis, diaphragmatic weak-
ness, scapular winging, and sensorineural hearing loss.””
Individual disease phenotypes include Charcot—Marie—
Tooth disease type 2C (CMT2C),* scapuloperoneal spinal
muscular atrophy (SPSMA),” and congenital distal spinal
muscular atrophy (CDSMA).° TRPV4-mediated skeletal
diseases

include a heterogeneous group of skeletal
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dysplasias (spondylometaphyseal dysplasia Kozlowski type
(SMD-K), metatropic dysplasia (MD), and spondy-
loepimetaphyseal dysplasia Missouri type (SEMD-M)) with
overlapping features including short stature, short trunk
with associated platyspondyly, scoliosis, and brachy-
dactyly.>”® An additional musculoskeletal disease is familial
digital arthropathy brachydactyly (FDAB), a progressive,
painful, and deforming osteoarthropathy of the hand and
feet’. Whereas there are clear genotype—phenotype correla-
tions in TRPV4-mediated skeletal dysplasias, TRPV4-
related neuropathies demonstrate marked phenotypic
heterogeneity in age of onset, disease severity, and pheno-
typic manifestations, even among patients with the same
mutation.'”"! Given clear demonstration of mutation-
dependent gain of ion channel function and reversibility of
toxicity with TRPV4 antagonism in cell and fly models,"*™"°
TRPV4 channelopathies may be treatable.

Whereas disease-causing mutations affect amino acid
residues localized throughout multiple domains of the
TRPV4 ion channel, some structure-phenotype correlations
have emerged.” TRPV4 ion channels are functional tetra-
mers of four TRPV4 subunits, with each subunit consisting
of large N- and C-terminal cytoplasmic domains connected
by six transmembrane segments.'® Notably, most but not
all neuropathy-causing mutations in TRPV4 affect highly
conserved arginine residues within the exposed surface of
the cytosolic N-terminal ankyrin repeat domain (ARD),
which is predicted to function as a protein interaction
domain,'®"® whereas skeletal dysplasia mutations are more
widespread and tend to affect residues involved in inter-
subunit interactions or critical ion channel gating regions.’

Although a strict separation between neuropathy and
skeletal dysplasias was initially applied, cases of “com-
bined” or “mixed” disease phenotypes have been increas-
ingly recognized, blurring the distinction between these
clinical entities. In fact, various skeletal malformations are
commonly encountered among patients with TRPV4-
associated polyneuropathy, although often not fulfilling
clinical criteria for a diagnosis of skeletal dysplasia.'” The
opposite occurrence, peripheral neuropathy co-occurring
in a patient with primary skeletal dysplasia, is less fre-
quently reported.” Despite increasing reports of patients
with mixed phenotypes, the genetic and functional deter-
minants of these conditions have been largely unexplored.

Here, we describe a 2-year-old patient with a novel
c.1846C > G missense mutation (p.R616G) in TRPV4
resulting in a congenital CMT2C neuropathy phenotype
with bilateral vocal cord paralysis, and no definitive evi-
dence of skeletal involvement. Interestingly, a different
amino acid substitution at the R616 position, R616Q, has
been reported to cause pure skeletal dysplasia pheno-
types.”® In the setting of this unusual finding of two dif-
ferent substitutions at the same amino acid residue with
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the potential to cause either neuropathy or skeletal
involvement, we review the literature of patients with
TRPV4 mutations displaying mixed neuropathy and
skeletal phenotypes. We further perform functional analy-
sis of selected TRPV4 mutations, demonstrating that
mutations with severe and/or mixed phenotypes, includ-
ing the R616G mutation, show markedly elevated baseline
calcium levels and cytotoxicity when expressed in heterol-
ogous systems. Finally, we show that specific TRPV4
mutations display substantial heterogeneity in dose-re-
sponse characteristics of ion channel inhibition with a
small molecule antagonist. These findings suggest that
baseline calcium elevation may predict the likelihood of
severe and/or mixed phenotypes as well as sensitivity to
pharmacologic channel inhibition. As the potential of
therapeutic channel inhibition with available TRPV4
antagonists has been made clearer,"” these results will
have important implications for patient selection and out-
come measure determination in future clinical trials.

Materials and Methods

Clinical data

Clinical information on the proband’s case was collected
after informed consent by both parents. Genetic testing
was performed by whole exosome sequencing (GeneDx
XomeDxPlus) on the proband and by targeted sequencing
on the parents.

Literature review of combined phenotypes

We reviewed published literature from inception to
February 2021. A PubMed review of English language lit-
erature using the search terms “TRPV4,” “neuropathy,”
“skeletal dysplasia,” “Charcot—Marie-Tooth,” “scapuloper-
oneal spinal muscular atrophy,” and “congenital distal
spinal muscular atrophy” was performed. We also
reviewed relevant reference lists from published cases ser-
ies and literature reviews. Cases of combined phenotypes
were selected using three processes. We included (1) cases
with neuropathy and a formal diagnosis of skeletal dys-
plasia, including SMD-K, MD, and SEMD-M; (2) cases
with neuropathy and a constellation of skeletal abnormal-
ities to which authors had assigned a potential skeletal
dysplasia diagnosis; and (3) cases with neuropathy and a
constellation of skeletal abnormalities that correlated with
potential skeletal dysplasia, but without a named diagno-
sis in the paper. When selecting combined phenotypes,
we did not consider abnormal skeletal characteristics
commonly associated with hereditary neuropathy pheno-
types, such as isolated scoliosis, kyphoscoliosis, pes cavus,
and hip dysplasia.
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Antibodies and reagents

Primary antibodies used were rabbit anti-GFP (Cell Sig-
naling Technology, 2555), mouse anti-GFP (Thermo
Fisher Scientific, A-11120), rabbit anti-TRPV4 (Cosmo
Bio USA, KAL-KM119). Secondary antibody used was
HRP-conjugated monoclonal mouse anti-rabbit IgG, light
chain specific (Jackson ImmunoResearch, 211-032-171).
Reagents used include HC067047 (Sigma-Aldrich,
SMLO0143), GSK2193874 (Sigma-Aldrich, SML0942), and
AlexFluor 555 Phalloidin (ThermoFisher Scientific).

Mammalian expression plasmids

C-terminally tagged TRPV4-GFP has been previously
described."® GFP-tagged TRPV4-R269C, TRPV4-D333G,
TRPV4-§542Y, TRPV4-R616Q, TRPV4-R616G, TRPV4-
L619P, and TRPV4-W785C were generated by site-
directed mutagenesis using the Quikchange XL-II kit
(Agilent, 200,521) according to manufacturer protocols.

Cell culture and western blotting

MN-1, HEK293T, and MDCK cells were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% (vol/vol) fetal calf serum (FCS) and penicillin/
streptomycin at 37°C with 6% CO,. For western blots, MN-
1 and HEK293T cells were transfected with Lipofectamine
LTX with Plus Reagent (Thermo Fisher Scientific), lysed
24 h after transfection in RIPA buffer (150 mM NaCl, 1.0%
IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris, pH 8.0, Millipore Sigma) supplemented with
EDTA-free Halt Protease Inhibitor Cocktail (Thermo Fisher
Scientific), and processed as previously described.'®

Immunofluorescence

MN-1 and MDCK cells were grown on glass coverslips
and transfected with either Lipofectamine LTX (Thermo-
Fisher Scientific) for MN-1 cells or GenJet version II (Sig-
naGen Laboratories) for MDCK cells. Cells were then
fixed and permeabilized as previously described.'"® Cells
were incubated with phalloidin-555 (1:200) for 30 min-
utes at room temperature in blocking buffer. Coverslips
were imaged with a Zeiss 800 LSM confocal laser scan-
ning microscope with a 63x oil objective.

Calcium imaging

MN-1 cells were transfected with GFP-tagged TRPV4
(WT or mutant) and calcium imaging was performed as
previously described."® For hypotonic saline treatment,
one volume of NaCl-free calcium-imaging buffer was
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added to one volume of standard calcium-imaging buffer
for a final NaCl concentration of 70 mM. Cells were
imaged every 10 seconds for 20 seconds prior to stimula-
tion with hypotonic saline and then imaged every 10 sec-
onds for an additional 2 minutes. Analysis of calcium
levels over time were performed as previously described.®
For GSK219 inhibitory dose-response measurements,
GSK219 was added to the media at the time of transfec-
tion and to calcium imaging media at the indicated doses.
For generation of dose-response curves and IC50 deter-
mination, we determined the Fura ratio elevation above
background for each experimental replicate by subtracting
the Fura ratio from empty vector transfected cells from
the Fura ratio in each untreated experimental condition,
either in the presence of varying concentrations of
GSK219 (FuraGSK) or in untreated cells (FuraUntreated).
Average FuraGSK values for each each mutant were then
divided by the average FuraUntreated values for the same
mutant and converted to a percentage using the following
equation: (FuraGSK /FuraUntreated)x100. Dose-response
curves were then generated using nonlinear regression
analysis (Prism, GraphPad v9.2).

Cytotoxicity assays

HEK293T cells were transfected with TRPV4 plasmids as
above for 24 hours. Cell death was assessed using an
LDH release assay (Cytotoxicity Detection KitPLUS, Milli-
pore Sigma) according to manufacturer protocols and as
previously described.'* Cell death was calculated as a per-
centage by subtracting the absorbance of a background
control (normal medium) from the absorbance of the
experimental samples (supernatant from transfected cells)
and dividing by the absorbance of a high control (super-
natant from cells treated with lysis buffer).

RESULTS

Novel R616G mutation causes severe
neuropathy with vocal cord paralysis

A 2-year-7-month-old girl (31 months) was evaluated for
a history of motor developmental delay and bilateral vocal
cord palsy since birth (Fig. 1A). Throughout -early
infancy, she was noted to be hypotonic with diffuse joint
laxity. She started sitting up independently at about
9 months of age, but did so in an odd manner by swing-
ing her extended and abducted lower extremities. She
started to crawl in a four-point manner at around
12 months. Additionally, she was described as a “noisy”
breather since birth, particularly during sleep.

On general exam, she had prominent inspiratory stri-
dor present at rest (Video 1, Segment A, B), straightening
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Figure 1. (A) Time line of clinical course showing most significant clinical events, diagnostic studies, and therapeutic interventions. (B)
Lumbosacral spine MRI, T2 weighted sequence, shows evidence of tethered cord with thickening of the filum terminale, but without evidence of
intrathecal mass. (C) Plain film of the chest shows no evidence of skeletal dysplasia. (D) Plain film of the pelvis and hips shows no abnormalities.
(E) Direct laryngoscopy demonstrates vocal cords fixed in a paramedian position and no abduction during inspiration. (F) Representation of TRPV4
protein domains and mutations with corresponding clinical phenotypes. The ligand binding site and the pore region are located between S2-S3
and S5-S6, respectively. Amino acids that are mutated in mixed phenotype TRPV4 channelopathies are indicated with an arrowhead and
corresponding symbol (WT residue shown). Arginine 269 (underlined) is the most commonly reported mutation site in the literature. The novel
R616G missense mutation (squared) affects a residue in transmembrane S5 helix that has been previously associated with skeletal dysplasia.
Abbreviations: NCS, nerve conduction studies; PRD, proline-rich domain; AR, ankyrin repeat; S1 to 6, transmembrane domains; TRP, transient
receptor potential; MAP7, microtubule associated protein 7 binding site; CaM, calmodulin binding site.

of normal spine curvature (Fig. 1B), mild equinovarus
foot deformities, and clinodactyly of the fifth digits. There
was also head tilt suggestive of torticollis. Neurological
examination was notable for asymmetric proximal greater
than distal upper extremity weakness, hypotonia, absent
ankle reflexes, and sensorineural hearing loss. Examina-
tion of cranial nerves was otherwise normal. Sensation to
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light touch and vibration was preserved in the upper and
lower extremities. There was mild developmental expres-
sive language delay, but preserved comprehension.

MRI of the brain and whole spine demonstrated mild
periventricular white matter volume loss and tethered
lumbosacral spinal cord with thickening of the filum ter-
minale (Fig. 1B). Note was also made of disc space
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narrowing at C4-C5 and C5-C6 with reduced anterior
posterior diameter of the vertebral bodies, suggestive of
Klippel-Feil deformity. Plain films of the chest, pelvis,
and hips as well as MRI of the spine did not demonstrate
any signs of skeletal dysplasia (Fig. 1B-D). Nerve conduc-
tion studies showed a length-dependent sensory-motor
polyneuropathy (Table 1).

The stridor and respiratory difficulties were investigated
with polysomnography, which demonstrated both obstruc-
tive and central sleep apnea, and direct laryngoscopy/bron-
choscopy, which showed bilateral vocal cord paralysis and
both tracheo- and bronchomalacia (Fig. 1E, Video 1, Seg-
ment C, D). Whole exome sequencing identified a
heterozygous missense mutation, ¢.1846C > G, in exon 12
of TRPV4, corresponding to R616G (CGA > GGA) substi-
tution (Fig. 1F). Notably, the R616G mutation was only
detected in 25% of the sequencing reads, suggesting the
possibility of genetic mosaicism. The proband’s mother
and father were negative for this variant, consistent with a
de novo mutation. There was no family history of neuro-
logical disorders and her 2-month-old brother was healthy
without signs of neuromuscular disease. The R616G muta-
tion has not been previously reported and is not present in
healthy subjects in the Human Gene Mutation Database
(http://www.hgmd.cf.ac.uk/) or the GnomAD database
(https://gnomad.broadinstitute.org/). However, a different
substitution of the same residue, R616Q, has been reported
in families with isolated skeletal dysplasia and has been
shown to cause gain of ion channel function.*’

The patient underwent several surgical procedures
(Fig. 1A), including release of the tethered spinal cord,
adenoidectomy, and tonsillectomy, although without clear
benefit with respect to motor difficulties or respiratory
status. Of note, some of these procedures were compli-
cated by worsening work of breathing requiring pro-
longed intubation. Despite these interventions, her stridor
and respiratory issues progressed, resulting in several
acute apneic and hypoxic episodes and eventually
prompting semi-urgent tracheostomy tube placement.
Repeat polysomnography postoperatively demonstrated
improved obstructive sleep apnea, but persistent central
sleep apnea.

Severe Gain of Function in TRPV4 Mixed Phenotypes

Literature review of combined phenotypes

Given that the patient’s R616G mutation was associated
with a severe neuropathy phenotype, and a pure skeletal
dysplasia phenotype was previously reported for the
R616Q mutation in the same amino acid site, we reviewed
the literature regarding TRPV4 mutations associated with
mixed phenotypes. We did not uncover additional prior
reports of different substitutions of the same amino residue
separately causing isolated neuropathy and isolated skeletal
dysplasia, as was the case in our patient. However, we
identified 36 individual cases of mixed neuropathy and
skeletal phenotypes arising from 19 different muta-
tions.'®'»*'3* This included nine affected families as well
as several individuals with de novo mutations. We analyzed
these reports with respect to genotype, age of onset, neuro-
logical and skeletal manifestations, electrophysiology, and
other phenotypic manifestations (Table 2).

All identified mutations were missense, heterozygous
mutations. There was incomplete penetrance reported in
one family with the R186Q mutation,'® and two individu-
als (two siblings) had compound heterozygous muta-
tions.”* The existence of biallelic TRPV4 disease remains
controversial, and in the two above mentioned cases the
authors argued that one missense variant (c.2498A > G,
p-Asn833Ser), which was not pathogenic based on in sil-
ico analysis, could act in synergy with the pathogenic one
(c.2518G > A, p.Glu840Lys).”* Mutations causing mixed
phenotypes most frequently occurred in the ARD (42%),
but also in the extreme N terminus, transmembrane
domains, and C terminus (Fig. 1F). TRPV4 mixed pheno-
types were reported worldwide. Age of onset varied from
congenital to young adulthood, with an average age of
2.7 & 3.9 years. By comparison, the average age of onset
for patients with isolated neuropathy in the case reports
reviewed was 10.9 £ 16.0 years. For cases in which sex of
the individuals was reported (n = 30), 12 (40%) were
male. All three neuropathy phenotypes associated with
TRPV4 mutations were represented: CDSMA in 14 of 36
(39%), CMT2C/HMSN2 in nine (25%), SPSMA in four
(11%), and no specific neuromuscular phenotype in the
remaining nine (25%).

Table 1. Nerve conduction studies in a 2-year-old patient with a novel TRPV4 R616G mutation.

Peroneal Tibial Median Ulnar

Sural
CMAP MNCV CMAP MNCV SAP CMAP MNCV SAP CMAP MNCV SAP
(>2 mV) (>39 m/s) (>2 mV) (>39 m/s) (>5 pv) (>4 mV) (>49 m/s) (>9 pv) (>4 mV) (>49 m/s) (>9 pv)
NR NR NR NR NR 41 9.4 2.8 47 7.4

Normal values are shown in parentheses. Peroneal, tibial, and sural nerves were bilaterally non-recordable. For median and ulnar nerves, the
recordings from the right side are shown. Abbreviations: CMAP, compound muscle action potential (distal stimulation site); MNCV, motor nerve

conduction velocity; SAP, sensory action potential; NR, not recordable.
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Table 2. Systematic review of published literature of TRPV4 mutations associated with mixed neuropathy and skeletal dysplasia manifestations.

Mean age
at onset Proximal  Distal Proxima
Amino Protein Patients ~ Families Sex in years Neuropathy Progressive UL uL LL
acid domain Mutation (n) (n) Inheritance (male, n)  (range) Origin phenotype (yes) motor motor  motor
G78W N-terminal ~ NR 1 1 De novo 7 0 (congenital)  NR CDSMA NR NR NR NR
R186Q ARD1 557G > A 1 1 AD NR <5 France CSMAA mn 7 m” m”n
A217S ARD2 649G > T 1 1 De novo (VA 0 (congenital)  Argentina SHSMA NR m”m m”m m
R232C ARD2 694C > T 3 2 AD, de n 3(0-5) Greece, CDSMA 2/2
novo Italy 1/3),
CMT2C
(2/3)
(1 NR) 13 3/3 3/3 3/3 2/3 3/3 1/3 0/3 172 12 1/2 172 2/2
R269H ARD3 806G > A 4 4 AD, de 13 1.3 (0-5) Netherlands, ~ CDSMA/ 3/3 2/4 2/4 2/4
novo France, CSMAA (1 NR)
Italy, (3/4),
USA SPSMA
(1/4)
R269C ARD3 805C >T 1 1 De novo m”n 0 (congenital) UK SPSMA NR m”m 01 m”n
K276E ARD3 NR 1 1 De novo mn 0 (congenital)  Algeria CDSMA NR NR NR mnm
E278K ARD3 832G > A 1 1 AD 01 0.5 Korea cmT2C ”n 0/1 0/1 ”n
R315W ARD4 943C>T 1 1 De novo 01 1.5 USA CMT2C mn 0/1 m”m m”nm
R316C ARD4 946C > T 2 1 AD 2/2 2 (0-4) USA SPSMA 2/2 2/2 2/2 2/2
E435K pre-TM1 1303G > A 1 1 De novo 01 0 (congenital)  USA Arthrogryposis ~ NR NR NR NR
multiplex
S542Y Ligand 1625C > A 6 1 AD 2/6 11.5 (1-25) USA cmT2C NR /6 0/6 /6
binding
L619P T™5 1856_ 2 2 De novo 0/2 1.5 (0-3) Netherlands, ~ CMT2C, 2/2 1/2 2/2 12
1857delinsCT, Brazil CDSMA
1856 T > C
V620! T™M5 1858G > A 1 1 De novo 01 6 Croatia cMmT2C 7 0/1 0/1 01
T7401 C-terminal  NR 2 1 De novo NR 0 (congenital)  NR CDSMA NR NR NR NR
W785C C-terminal ~ 2355G > T 5 1 AD 2/5 2.8 (2-4) China CDSMA 5/5 0/5 0/5 5/5
P799R C-terminal ~ 2396C > G 1 1 De novo 01 13 Japan CMT2C m 0/1 0/1 m
E840K, N833S  C-terminal  2518G > A 2 1 Compound 12 0.3 Canada CMT2C 2/2 NR NR NR
2498A > G heterozygous (0.3-0.3)

Footnotes: Genetic, epidemiological, clinical, and electrophysiological characteristics are reported for each individual mutation. Data are expressed

as fractions of observed cases/reported cases.

Abbreviations: CDSMA, congenital distal spinal muscle atrophy; SPSMA, scapuloperoneal spinal muscle atrophy; SHSMA, scapulo-humeral spinal

muscular atrophy; CSMAA, congenital spinal muscular atrophy and arthrogryposis; MD, metatropic dysplasia; SMD-K, spondylometaphyseal

dysplasia, Kozlowski type; SEMD-M, spondyloepimetaphyseal dysplasia, Missouri type; FDAB, familiar digital arthropathy brachydactyly; NR, not
reported; AD, autosomal dominant; UL, upper limbs; LL, lower limbs; CMAP, compound muscle action potential; SAP, sensory action potential.
*multiple additional features were reported, including neurogenic bladder, pigmentary retinopathy, tongue fasciculations, thoracic meningomyelocele
with syrinx, sensorineural and mixed hearing loss, left facial palsy, arthrogryposis multiplex congenital.

Of the 29 individuals in which strength assessment was
reported, weakness was noted in the distal lower extremi-
ties in 25 (86%), proximal lower extremities in 21 (72%),
distal upper extremities in 12 (41%), and proximal upper
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extremities in 10 (34%). Sensory symptoms occurred in
less than 20% of individuals. Although disease progres-
sion was not uniformly assessed, there was evidence of
disease progression in 21 out of 23 patients (91%) for
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Skeletal
Distal Sensory Vocal cord Diaphragmatic ~ Scapular  Decreased = Decreased  Decreased  Decreased dysplasia Additional
LL motor symptoms  involvement  involvement winging  CMAPUL  CMAP LL SAP UL SAP LL Denervation  diagnosis features Reference
NR NR NR NR NR NR NR NR NR NR MD Contractures, 21
fetal akinesia
syndrome
7 01 01 0/1 01 m”n m”nm 0n 01 m”n MD/ - 10
brachyolmia
m”m 01 0/1 0/1 m”m 01 on on o0n Il SMD-K Facial palsy, 22
hyperlaxity
MD/ - 10,23
brachyolmia
4/4 174 174 174 2/4 12 12 0/3 0/3 4/4 FDAB, Spina 10,24,25
MD/ bifida
brachyolmia
71 0/1 01 0/1 ”n NR NR NR NR ”n MD Dysphagia 27
71 NR NR NR NR NR NR NR NR ”n MD Contractures, 21
fetal akinesia
syndrome
71 0/1 01 0/1 01 NR ”n NR (Al ”n SMD-K - 22
m”m 7 0/1 0/1 01 NR mn NR m”n mn SMD-K - 28
12 0/2 0/2 0/2 12 NR NR NR NR 2/2 NR Oculomotor 29
abduction,
facial palsy
NR NR NR NR NR NR NR NR NR NR MD Tethered cord, 30
thrombocytosis
4/6 2/6 4/6 1/6 0/6 1/6 3/6 NR NR 3/6 MD Sleep apnea, 31
pupillary
abnormality
1/2 0/2 2/2 172 0/2 n n NR NR NR Brachyolmia *Central 32
sleep apnea,
tethered cord
171 0/1 01 0/1 01 01 ”n o1 ”n m”n Brachyolmia - 1
NR NR NR NR NR NR NR NR NR NR MD Contractures, 21
fetal akinesia
syndrome
5/5 0/5 0/5 0/5 0/5 0/2 0/2 NR NR 2/2 NR Scaly skin 33
0/1 0/1 01 0/1 01 NR NR NR NR NR SEMD-M - 22
NR NR NR NR NR 2/2 2/2 2/2 2/2 NR NR Sensorineural 34
hearing loss,
retinopathy,
intellectual
disability
10,11

which longitudinal information was reported. Progres-

sion was evidenced by development of muscle atro-
impairment,26
sensory deficits,”® and/or was demonstrated with

phy,”> worsening  weakness,*

gait

electrodiagnostic studies. When reported, electro-
physiological studies showed motor greater than sen-
sory axonal neuropathy and evidence of denervation
potentials on needle EMG.
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Of the 36 individuals with a combined phenotype
included in Table 2, 10 (28%) carried a formal diagnosis
of skeletal dysplasia, including SMD-K*** (n = 3),
MD?*27% (4 = 6), and SEMD-M?? (n = 1). These diag-
noses occurred in individuals with all three TRPV4 neu-
ropathy phenotypes. Individuals with MD were also more
likely to be diagnosed with CDSMA than other neuropa-
thy phenotypes. The diagnoses of SMD-K and SEMD-M
occurred in individuals with CMT2C, or in phenotypes
not included in the three neuropathy phenotypes associ-
ated with TRPV4 mutations. In 17 case reports, authors
described skeletal abnormalities and suggested diagnoses
of FDAB,*® blrachyolrnia,11 or mild forms of MD.!%*! The
remaining case reports described abnormalities of bone in
the absence of a unifying skeletal dysplasia diagno-
sis.””?>?*  These abnormalities were numerous and
affected the head, neck, trunk, pelvis, and extremities
(Table 3). Additional notable features were spinal dys-
raphisms (including tethered spinal cord, which was also
noted in our case) (n = 3), facial weakness (n = 2),
retinopathy’>** (n = 3), and central sleep apnea (one
prior patient and the currently reported patient).’> Of
note, two patients with the L619P mutation developed a
particularly severe and unusual mixed phenotype with
severe skeletal abnormalities as well as giant cell lesions of
the jaw and skull, cystic lesions of the long bones and
vertebrae, cervical and thoracic vertebrae fusion, and
facial and skull dysmorphisms.*>

In our review, we did not observe definitive genotype—
phenotype correlation between specific TRPV4 mutations
and combined neuropathy and skeletal dysplasia pheno-
types, and we could not identify a pattern of neuropathic
characteristics that predicted skeletal involvement. Skeletal
disease associated with TRPV4-mediated neuropathy
occurred across a range of clinical severity and mutations,
consistent with prior studies highlighting the heterogeneity
of TRPV4 channelopathies.” However, there were some
TRPV4 variants that appeared to be more likely to cause a
mixed phenotype (S542Y and W785C) as well as some that
were particularly severe (L619P and the novel R616G vari-
ant). We thus chose to study these variants in more detail
using heterologous in vitro expression systems.

Functional analysis of expression levels and
ion channel activity of selected TRPV4
mutants

To characterize the functional effects of TRPV4 mutations
of interest, we expressed GFP-tagged WT and mutant
TRPV4 in cultured cells. We chose to examine the novel
R616G mutant, the previously described R616Q mutant, a
common neuropathy-causing mutation within the ARD
(R269C), three mutations causing mixed phenotypes
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Table 3. Skeletal abnormalities described in patients with mixed phe-
notypes.

Body region Abnormalities described

Skull/face Dolichocephaly, giant cell lesions of the jaw and
skull, facial and skull dysmorphism

Trunk Short stature (>2 SD below mean), shortened

trunk, decreased thoracic circumference,
short barrel-shaped trunk
Reduced height of vertebral bodies, abnormal
vertebral ossification, platyspondyly, anterior
vertebral body abnormalities, cystic lesions
of the vertebrae, spinal segmentation
anomalies, narrowing of intravertebral discs,
abnormal odontoid development, cervical
and thoracic vertebrae fusion, thoracolumbar
kyphoscoliosis, lumbosacral lordosis,
sacrococcygeal tail
Pelvis Flaring of iliac wings with flat acetabular roofs
Long bones/limbs  Short-limbed at birth, short long bones, upper
and lower limb asymmetry, metaphyseal
expansion/widening/flaring, secondary
demineralization, cystic lesions, osteonecrosis
of femoral head, dysmorphic femoral head,
short/wide/irregular femur neck, asymmetrical
femoral neck-shaft angles, dysplastic/
flattened/irregular knee epiphyses

Vertebral bodies
and spine

Joints Cubitus valgus, genu valgum, dislocation
of the femoral head, enlarged joints
Hands/feet Clinodactyly, brachydactyly, camptodactyly,

short phalanges, short metacarpal bones,
metatarsal dysplasia, secondary
demineralization, abnormal carpal ossification,
hypoplastic carpal bones, unilateral reduced
metacarpal span, medial deviation of digits,
hypoplastic/dysplastic finger and toe changes

(S542Y, L619P, and W785C), and a pure skeletal dysplasia
mutant within the ARD (D333G) (Fig. 2A, Table 4). We
first examined expression of TRPV4 in HEK293T cells by
western blot. We noted mildly decreased expression of
the D333G variant, but more dramatically decreased
expression of R616G and L619P (Fig. 2B). To determine
whether this was due to an inherent abnormality in
expression or related to cytotoxicity, we cultured the cells
in the TRPV4 antagonist GSK2193874 (GSK219). Addi-
tion of GSK219 increased TRPV4 expression of D333G,
R616G, and L619P to levels comparable to WT TRPV4
(Fig. 2C), suggesting that the apparent reduced expression
in the absence of antagonist was likely due to cell death.
We next examined subcellular localization and surface
expression of the various TRPV4 mutants in both MN-1
cells (mouse motor neuron-neuroblastoma fusion cell
line®®) and MDCK cells (canine kidney epithelial cells®®)
treated with GSK219, as both cell types readily demon-
strate exogenous TRPV4 plasma membrane localization.
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Figure 2. Expression and localization of selected TRPV4 mutants. (A) Cryo-EM structure of the TRPV4 tetramer in an agonist-bound state (PDB:
7AA5%) depicting the location of mutated amino acid residues analyzed in vitro. Each monomer of the TRPV4 tetramer is displayed in a separate
color. Colored spheres indicate the location of mutated amino acid residues within each monomer. (B) Immunoblot from HEK293T cells
transfected with equal amounts of GFP-tagged TRPV4 in the absence of TRPV4 antagonist. Expression of R616G and L619P appear reduced. (C)
Immunoblot from HEK293T cells transfected with equal amounts of GFP-tagged TRPV4 in the presence of 1 uM GSK219 TRPV4 antagonist.
Expression of the individual mutants is normalized in the presence of antagonist. (D-E) Immunohistochemistry of GFP-tagged TRPV4 and actin
(phalloidin) in MN-1 cells (D) and MDCK cells (E) demonstrates normal trafficking to the cell membrane and co-localization with cortical actin.

All mutant forms of TRPV4 demonstrated expression at
the cell surface and partial co-localization with cortical
actin in both MN-1 (Fig. 2D) and MDCK (Fig. 2E) cells,
indicating normal trafficking to the cell membrane.

As TRPV4 disease-causing mutations generally result in
increased ion channel activity and elevated intracellular
calcium in vitro and in vivo®'*'®, we next assessed how
the different TRPV4 mutants affected ion channel func-
tion. We chose to study hypotonic stress-mediated cal-
cium responses in MN-1 cells as these cells do not
express endogenous TRPV4 and do not respond robustly
to hypotonic stress in the absence of exogenous TRPV4'®
(Fig. 3A). Whereas WT TRPV4 led to modest increases in
calcium influx, the neuropathy mutant R269C and the
skeletal dysplasia mutant D333G showed elevated baseline
calcium and more marked response to hypotonic stress
(Fig. 3A-B). Notably, the baseline calcium elevation of the
D333G mutant was greater than observed with the R269C
mutant. We next compared baseline and stimulated cal-
cium responses of R616G and R616Q TRPV4. Whereas
the R616Q mutant showed mildly elevated baseline cal-
cium and mildly augmented response to stimulation, the
R616G mutant showed dramatic elevation of baseline cal-
cium and only a transient and small increase following
stimulation (Fig. 3C). We next evaluated the S542Y,
L619P, and W785C mutants, which were associated with
high rates of mixed phenotypic manifestations. Both the
S542Y and W785C mutants showed marked baseline cal-
cium elevations similar to D333G and greater than
R269C, as well as elevated responses to hypotonic stress
(Fig. 3D). In contrast, the L619P mutant demonstrated
dramatically increased baseline calcium with blunted
response to hypotonic saline (Fig. 3D), similar to what
was observed with the R616G mutant. Comparison of
baseline (Fig. 3E, Table 4) and stimulated calcium levels
(Fig. 3F, Table 4) among all mutants did not reveal
definitive patterns of channel function that uniformly dis-
tinguished neuropathy, skeletal dysplasia, and mixed phe-
notype mutants. However, mutations that caused
phenotypes dominated by neuropathy manifestations
(R269C and S542Y) tended to show more marked stimu-
lated calcium responses, whereas skeletal dysplasia-
dominated phenotype mutants (D333G) and severe and/
or mixed phenotype mutants (R616G, L619, W785C)

tended to have marked baseline elevations

(Table 4). The R616Q mutation was an exception as its
baseline calcium elevation was not as dramatic as other

more

skeletal dysplasia/mixed mutants.

Analysis of cytotoxicity and sensitivity to
pharmacological inhibition

Given the marked elevation of baseline calcium in the
R616G and L619P mutants, we sought to further interro-
gate channel opening characteristics in these mutants by
using low-dose TRPV4 antagonist (GSK219, 50 nM) to
suppress baseline calcium. While this dose of antagonist
largely suppressed baseline calcium elevation in all other
mutants, R616G and L619P mutants still demonstrated
moderately elevated calcium levels (Fig. 3G). Both R616G
and L619P mutants demonstrated clear increased calcium
influx in response to hypotonic saline, indicating that
these mutants were still able to respond to mechanical
stimulation and that the blunted response in the absence
of TRPV4 antagonist may be due to nearly maximal con-
stitutive channel opening.

As gain of ion channel function with TRPV4 disease
mutations is thought to be central to cytotoxicity and dis-
ease pathogenesis, we tested whether expression of the
various TRPV4 mutants in HEK293T cells led to dis-
cernible cell death. Consistent with prior results,'* we
found increased cytotoxicity of R269C and D333G
mutants (Fig. 4A). By comparison, cell death was similar
with the S542Y mutant, more markedly elevated in
W785C, and only mildly elevated in R616Q (Fig. 4A). In
contrast, cell death was robustly elevated in the R616G
and L619P mutants (Fig. 4A), consistent with the marked
baseline calcium elevations.

Next, given the variability of baseline calcium eleva-
tions and the lack of complete suppression by low-dose
antagonist in the R616G and L619P mutants, we tested
antagonist dose-response characteristics of the various
mutants (Fig. 4B). We examined baseline calcium levels
in transfected MN-1 cells at a range of doses of GSK219.
Notably, R269C, D333G, and R616Q mutants showed
similar IC50 concentrations as compared to WT TRPV4
(8 nM), indicating that these mutants are readily inhib-
ited by this particular antagonist (Fig. 4C, Table 4). In
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Table 4. TRPV4 mutations analyzed and summary of in vitro results.

Severe Gain of Function in TRPV4 Mixed Phenotypes

In vitro results

Baseline Stimulated GSK219
TRPV4 genotype Clinical syndrome Protein domain calcium calcium Cell death (%) IC50 (nM)
WT — — 0.73 1.76 7.2 8.0
R269C Neuropathy with vocal cord weakness ARD3 0.88 2.56 1.3 10.0
D333G Skeletal dysplasia ARD5 1.12 2.36 10.7 20.7
S542Y Neuropathy with vocal cord weakness, Ligand binding 1.19 2.74 12.2 55.3
short stature
R616Q Skeletal dysplasia TM5 0.87 2.09 8.2 11.9
R616G Neuropathy with vocal cord weakness T™M5 1.83 1.99 26.3 215.6
L619P Severe neuropathy with vocal cord weakness, TM5 217 2.37 28.5 198.4
skeletal dysplasia, giant cell jaw lesions
W785C Mild neuropathy without vocal cord C terminal 1.18 2.09 15.0 31.5

weakness, skeletal dysplasia, scaly skin

Baseline and stimulated calcium response values indicate Fura ratios (340/380). Abbreviations: ARD, ankyrin repeat domain; TM, transmembrane

domain; IC50, half maximal inhibitory concentration.

contrast, the inhibitory curves were shifted for all of the
mixed phenotype mutants, with the most dramatic effects
seen in the R616G and L619P mutants, in which IC50
values were 216 nM and 198 nM, respectively (Fig. 4D,
Table 4). In fact, baseline calcium levels were not fully
suppressed even at doses of 1000 nM, over 100 times the
IC50 for WT TRPV4. These data suggest that disease
mutant forms of TRPV4 differ significantly in their sensi-
tivity to ion channel inhibition by antagonist drugs.

Structural analysis of R616Q, R616G, and
L619P TRPV4 mutants

The finding of marked differences in baseline calcium
influx and cytotoxicity in R616G and R616Q mutants and
the dramatic toxicity of the nearby L169P mutation led
us to interrogate possible structural determinants of these
functional effects. Residues R616 and L619 are both
located in helix S5 in the TRPV4 transmembrane domain
(Fig. 4E), which is preceded by the S4-S5 linker, and both
residues are involved in interdomain contacts to a neigh-
boring subunit (Fig. 4F).'® Importantly, both helix S5 as
well as the linker have been described as crucial elements
for ligand and lipid binding/regulation,” and therefore
perturbation of the S4-S5 linker or the S5 helix may have
dramatic consequences for channel function. Previously, a
cation-n interaction between residue R616 in the S5 helix
and residue Y602 of another subunit was identified in
TRPV4 as a structural feature that stabilizes a closed gate,
and the mutation of either residue (Y602C or R616Q) led
to a gain of function phenotype.®® Presumably, the
disease-causing R616Q mutation perturbs the cation-n
interaction (Fig. 4F). In contrast, the marked gain of
function seen with R616G and L619P mutants suggests

that they likely have more profound structural impacts.
In fact, as both proline and glycine are helix breakers, the
R616G and L619P mutations are predicted to disrupt the
S5 helix structure, destabilizing the pore domain and
leading to constitutive channel opening (Fig. 4F). In con-
trast, the R616Q mutation is unlikely to disrupt the S5
helix. Thus, we propose that the R616Q mutation results
in disrupted cation-m interaction of R616 with the con-
served tyrosine residue, leading to altered fine-tuning of
the opening probability of TRPV4, whereas the R616G
and L619P mutations disrupt the S5 helix and the closed
pore conformation, leading to constitutive channel open-
ing and markedly increased intracellular calcium influx.

Discussion

Despite recognition that gain of ion channel function is
central to the pathogenesis of TRPV4 channelopathies,
the basis of the highly variable skeletal and neuromuscu-
lar manifestations has remained enigmatic. Based on a
detailed literature review, we identified specific mutations
that more frequently cause severe, mixed phenotypes.
Furthermore, in vitro and structural analysis suggests that
these mutations cause a more dramatic gain of ion chan-
nel function and reduced sensitivity to small molecule
antagonism.

The novel R616G mutation causes a severe
neuropathy phenotype

We report a novel R616G mutation causing an asymmet-
ric sensorimotor neuropathy with complete bilateral vocal
cord paralysis and no definitive evidence of skeletal dys-
plasia. Additional features included mild white matter
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Figure 3. Severe and mixed phenotype mutants cause marked elevations of baseline calcium levels. (A) Representative images from ratiometric
calcium imaging experiments. MN-1 cells were transfected with GFP-tagged TRPV4 plasmids and loaded with Fura-2 AM calcium indicator.
Baseline and hypotonic-stimulated calcium responses were then measured over time. Pathogenic TRPV4 mutants lead to elevated baseline calcium
compared to WT TRPV4, whereas baseline calcium levels are more markedly elevated in R616G and L619P TRPV4. (B-D) Averaged calcium
imaging traces before and after hypotonic stimulation, denoted by vertical dashed line. (B) R269C and D333G TRPV4 cause elevated baseline and
stimulated calcium influx compared to WT TRPV4. (C) R616G causes marked baseline calcium elevation, whereas R616Q causes only mild
elevations. (D) S542Y and W785C TRPV4 cause larger increases in baseline calcium compared to R269C TRPV4. L619P causes marked elevation of
baseline calcium similar to R616G. (E) Comparison of baseline calcium levels across all tested TRPV4 mutants. Brown-Forsythe and Welch ANOVA
with Dunnett’s post-hoc test, n = 11-32 independent experiments per condition. (F) Comparison of maximum hypotonic stimulated calcium levels
across all tested TRPV4 mutants. One-way ANOVA with Dunnett’s post-hoc test, n = 11-32 independent experiments per condition. (G)
Comparison of calcium imaging traces from cells treated with 50 nM GSK219 and then subjected to hypotonic saline. The R616G and L619P
mutants demonstrate retained responses to hypotonic saline stimulation. Data are presented as means =+ SEM. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

volume loss, central sleep apnea, and tethered spinal cord,
none of which have been recognized as common features
of TRPV4 neuropathy, although central sleep apnea and
tethered spinal cord were recently described in patients

386

with severe mixed phenotypes due to the L619P muta-
tion.®> Whether these features are a rare manifestation of
TRPV4 channelopathies or may be underdiagnosed
remains to be determined. The clinical significance of
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Figure 4. R616G and L619P cause increased cytotoxicity, reduced responsiveness to antagonism, and structural disruptions to the S5
transmembrane domain. (A) Cytotoxicity assay demonstrates increased toxicity with pathogenic mutants that is more pronounced with the R616G
and L619P mutants. Repeated measures one-way ANOVA with Dunnett's post-hoc test, n =4 independent experiments per condition. (B)
Averaged intracellular calcium levels in TRPV4 mutants treated with escalating doses of GSK219 antagonist. (C) Inhibitory dose response curve
comparing WT TRPV4 to R269C, D333G, and R616Q mutants. (D) Inhibitory dose response curve comparing WT TRPV4 to S542Y, R616G, L619P,
and W785C mutants. (E) Location of R616 (red sphere) and L619 (blue sphere) in the S5 helix of TRPV4 shown on the cryo-EM structure of the
human TRPV4 channel in an agonist-bound state (PDB: 7AA5%’). Each monomer of the TRPV4 tetramer is displayed in a separate color. On the
right is a close-up view of R616 (red) and L619 (blue) in the S5 helix as well as Y602 (orange) in the S4-S5-linker of a neighboring subunit with
amino acid side chains shown in stick representations. R616 and Y602 side chain rotamers enabling a R616-Y602 cation-n interaction which
presumably stabilizes the closed-state were modeled as transparent sticks. In the structure of the agonist-bound TRPV4 state, the R616 and Y602
side chains point away from each other such that the putative cation-rn interaction is prevented (opaque sticks). (F) Schematic representation of
how the R616Q, R616G, and L619Q mutations may impact the TRPV4 structure. In the WT structure, the S5 helix and the R616-Y602 cation-n
interaction are intact, whereas both are perturbed in the R616G and R616Q mutants. In the R616G mutant, the S5 helix is additionally perturbed
due to the ability of glycine to act as a helix breaker. Likewise, substitution of proline in the L619P mutant can also structurally perturb the S5
helix. Breaking the S5 helix presumably disrupts the ion conducting pore and leads to uncontrolled ion flux. In contrast, the loss of the cation-x
interaction might lower the activation threshold by agonists. Data are presented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

tethering of the spinal cord is difficult to discern given
that clinical signs from tethered cord can be quite
variable, but largely overlap with the sensory and motor
manifestations seen with hereditary neuropathy. The

occurrence of central sleep apnea is particularly interest-
ing given the localization of respiratory nuclei to the ros-
tral medulla immediately adjacent to the nucleus
ambiguus, which innervates the vocal cords, and may
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imply focal brainstem pathology underlying both vocal
cord and respiratory manifestations. The fact that our
patient does not have evidence of skeletal dysplasia is
somewhat surprising given the description of extensive
skeletal manifestations in patients with the L619P muta-
tion, which appears to have very similar functional and
structural consequences.’® This discrepancy may be yet
another example of the marked phenotypic heterogeneity
with TRPV4 mutations, as even family members harbor-
ing the same mutation can display a range of disease
from severe to complete non-penetlrance.w’11 An alterna-
tive explanation could be genetic mosaicism leading to
reduced expression of the R616G mutant within relevant
cell types of the skeletal system, although we have no
direct evidence of this. In line with this possibility, a pre-
viously reported lethal L618P mutation® was found in a
patient with a mild skeletal dysplasia phenotype and find-
ings indicative of genetic mosaicism.*” The authors
hypothesized that decreased expression of mutant TRPV4
in the skeletal system could account for the reduced dis-
ease severity. Finally, we cannot rule out that additional
and more significant skeletal abnormalities will appear in
our patient during further follow-up.

Mixed phenotypes are not uncommon

Our review of the literature of cases and families with
mixed phenotypes identified at least 36 cases, demonstrat-
ing that mixed phenotypes may be more common than
originally appreciated. We found a large spectrum of neu-
ropathy and skeletal dysplasia manifestations in these
patients. While motor manifestations most commonly
affected the distal lower extremities, proximal upper and
lower extremity weakness was also frequently reported,
indicating a non-length-dependent pattern of motor
involvement. This pattern is in contrast to most other
forms of CMT and suggests that many patients with neu-
ropathogenic TRPV4 mutations do not present with clas-
sical CMT phenotypes. Notably, the average age of onset
in patients with mixed phenotypes was under 3 years of
age, whereas those with isolated neuropathy experienced
onset at an average age of 11 years. This early age of
onset suggests that therapeutic intervention may be most
efficacious if instituted very early in disease, as has been
demonstrated in spinal muscular atrophy due to SMN1
deficiency. We also noted evidence of disease progres-
sion in almost all patients with mixed phenotypes, includ-
ing those with the CDSMA phenotype, which is typically
believed to have a largely static course. We were not able
to discern any clear or universal genotype—phenotype cor-
relation regarding likelihood of developing a mixed phe-
notype with a given mutation. In fact, mixed phenotypes
sometimes occurred in single family members whereas
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others with the same mutation had disease isolated to the
neuromuscular system. Interestingly, just under half of all
mixed phenotype cases occurred due to mutations within
the ARD, which are most commonly associated with pure
neuropathy phenotypes. In these cases, mixed phenotypes
could be considered to represent “extension” of neuropa-
thy phenotypes into the skeletal system, suggesting the
need for more extensive screening for skeletal involve-
ment in patients presumed to have isolated neuromuscu-
lar disease. As vertebral abnormalities are among the
most common manifestations of TRPV4-associated skele-
tal dysplasia,*> we propose that all patients with known
or suspected pathogenic TRPV4 mutations should
undergo a skeletal survey to assess for skeletal disease.
Notably, we found only two mutations that were previ-
ously associated with isolated skeletal dysplasia but also
caused mixed phenotypes (V6201 and P799R), but in nei-
ther was vocal cord weakness reported.'"*> However, just
as skeletal dysplasia may be unrecognized in patients with
neuropathy manifestations, it remains possible that
patients with apparently isolated skeletal manifestations
could have undiagnosed neuropathy and/or vocal cord
weakness.

Given the marked heterogeneity in phenotypes and
clinical manifestations across all TRPV4 channelopathies,
it is not surprising that we were unable to identify any
universal correlations between specific mutations and the
development of mixed phenotypes. However, in vitro
characterization of some of the more frequent mutations
associated with mixed phenotypes suggests that there may
be some functional and structural correlations between
specific mutations and the likelihood of mixed pheno-
types, as discussed below.

Mutations frequently associated with mixed
phenotypes result in marked gain of
function

Our functional analysis demonstrated that mutations
associated with mixed phenotypes and isolated skeletal
dysplasia tended to have more marked baseline elevations
of intracellular calcium. In contrast, the neuropathogenic
R269C mutation and the S542Y mutation, which causes a
predominant neuromuscular phenotype with only mild
skeletal manifestations, resulted in more pronounced cal-
cium influx in response to stimulation. These data suggest
that there may be an association between constitutive
channel opening and development of skeletal dysplasia on
the one hand, and increased sensitivity to mechanical
stimulation and development of neuropathy on the other
hand. Of course, the distinction between these situations
cannot be universal or absolute, and the novel R616G
variant presents an exception to this pattern. Increased
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mechanical sensitivity in predominantly neuropathogenic
mutants may relate to mutation-dependent disruption of
N-terminal protein—protein or protein-lipid interactions
that are important for channel activation.'®*>**

Importantly, our analysis of different pathogenic
TRPV4 mutants uncovered differential sensitivity to inhi-
bition by the TRPV4 antagonist GSK219. Mutants with
more elevated baseline calcium, particularly R616G and
L619P, caused dramatic rightward shifts in the inhibitory
dose response curves for this antagonist. Our structural
analysis suggests that these mutations are likely to disrupt
the alpha helix within the S5 transmembrane domain of
TRPV4, leading to alteration of the channel pore struc-
ture and resultant constitutive channel opening. In con-
trast, the R616Q mutation, which is not predicted to have
such dramatic structural consequences, showed only
mildly elevated baseline calcium and normal inhibition by
GSK219.

As cellular systems and a fly model of TRPV4 neuropa-
thy suggest that small molecule TRPV4 antagonists can
reduce cytotoxicity and neurodegeneration,>>'*!>*>
TRPV4 inhibitors, such as GSK2798745,* warrant consid-
eration for clinical trials in TRPV4 channelopathies. Our
results suggest that prior to any such trials, careful dose—
response analysis should be performed for specific patho-
genic TRPV4 mutants, as individual mutations may dif-
ferentially alter sensitivity to TRPV4 antagonism. In
addition, the early age of disease onset suggests that pedi-
atric patients may be ideal to demonstrate efficacy and
maximize therapeutic benefit in clinical trials.
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Video 1. Segment A. High-pitched inspiratory stridor.
Segment B. Respiratory distress with increased work of
breathing and use of accessory muscles. Segment C.
Fiberoptic laryngoscopy shows bilateral vocal cord palsy,
evident as lack of abduction of the vocal folds during
inspiration. Tracheomalacia is also evident as mild nar-
rowing of distal trachea during expiration due to anterior
prolapse of the trachealis muscle. Segment D. Direct
bronchoscopy shows moderate bronchomalacia of the left
main bronchus and visualization of the carina.
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